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Abstract 
 
Separation of Aryl Nitro-Compounds by HPLC on Monolithic 
Columns 
 
By Farida Al-Harthy  
 
 
The project has demonstrated the use of both poly(styrene-divinylbenzene) PS-DVB 
and silica monolithic columns for the separation of nitro-compounds.  Methods were 
developed with PS-DVB and ODS silica packed columns for the separation of these 
compounds.  The first part of the project was the preparation of the monolithic 
stationary phases prepared from PS-DVB of (250 µm I.D. × 70 mm) functionalized 
with methacrylate by in-situ polymerisation.  The alkylated PS-DVB then was used 
successfully for the first time in the separation of three aryl nitro-compounds (2-NA, 
1,4-DNB and 4-NT) on micro-HPLC.  However, the efficiency of this column was poor 
N = 318 (4675/m). 
 
The second part of the thesis used a commercial column (Chromolith Performance from 
Merck), with different diameters for the separation of nitro-compounds.  Nitro-
compounds were analysed on both Chromolith Performance 3 mm I.D. column and 
Chromolith Performance 4 mm I.D. column by HPLC/UV.  Van Deemter plots showed 
that the 3 mm I.D. column gave higher efficiencies at higher flow rates than the 4.6 mm 
I.D. column.  The plate number was 8216 (H = 0.0121 mm) at a flow rate of 0.4 ml/min 
(1.0206 mm/sec) and for Chromolith 4.6 mm I.D. it was 9436 (H = 0.0105 mm) at a 
flow rate of 0.8 ml/min (0.8577 mm/sec). 
 
 
 
 
 
 
  ii 
The nitro-compounds analysed in this study were nitroaromatic, nitramines and nitrate 
esters which are used in the manufacture of explosives.  These compounds were 
analysed for the first time using a Chromolith Performance 3 mm I.D. column on LC-
MS using both ESI and APCI in negative ionization modes.  The sensitivity was higher 
in the APCI than the ESI mode in terms of higher intensity and lower background noise 
especially for nitroaromatic compounds. 
 
The LC-ESI-MS method was evaluated by injection of samples of pentaerythritol 
tetranitrate (PETN) in different concentrations.  Calibration curves were constructed 
over the range of 1-1000 pg/µl with a correlation coefficient of (R
2
 = 0.9986) and with 
a concentration range between 1-200 ng/µl with a correlation coefficient of (R
2
 = 
0.9971) and were found to be linear.  The limit of detection (LOT) for pentaerythritol 
tetranitrate (PETN) was 5 pg/µl at a signal-to-noise ratio (S/N) of 3:1 and the limit of 
quantification (LOQ) was 10 pg/µl at a signal-to-noise ratio of 10:1.  The applicability 
of the monolithic column for the LC-ESI-MS method was evaluated by injection of 
samples of the commercial explosives, P9 and Semtex 1H.  The results showed that 
Semtex 1H contains 35% PETN using calibration curve 1-200 ng/µl and was much 
higher than in P9 0.0082% using calibration curve 1-1000 pg/µl. 
 
 
Key Words: nitro-compounds, PS-DVB monoliths, Chromolith Performance column, 
explosive compounds, HPLC/UV, LC-MS. 
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Instrumentation  
APCI atmospheric pressure chemical ionization 
API atmospheric pressure ionization 
CE capillary electrophoresis 
CEC capillary electrochromatography 
CZE capillary zone electrophoresis 
ECD electron capture detector 
EOF electroosmotic flow 
ES electrospray 
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HPLC high performance liquid chromatography 
ISM ion scan mobility 
ISEC inverse size-exclusion chromatography 
LLE liquid liquid extraction 
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µ-HPLC micro-high performance liquid chromatography 
MIP mercury intrusion porosimetry 
MS mass spectrometry 
MRM multiple reaction monitoring 
NPD nitrogen phosphorous detector 
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PSDs passive sample devices 
RP-CEC reversed phase capillary electrochromatography 
SDME single-drop microextraction 
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SFE supercritical fluid extraction 
SIR selecting ion recording 
SPE solid phase extraction 
SPME solid phase microextraction 
  viii 
TEA thermal energy analyzer 
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AIBN azobisisobutyronitrile 
THF tetrahydrofuran 
ODS octadecylsilica 
PEG poly(ethylene-glycol) 
PS-DVB poly(styrene-divinylbenzene) 
SDS sodium dodecyl sulphate 
TMOS tetramethoxysilane 
Explosives  
ANFO composition of ammonium nitrate and fuel oil 
EPA Environmental Protection Agency 
PETN pentaerythritol tetranitrate 
P9 commercial explosive 
RDX cyclonite 
TNT 2,4,6-trinitrotoluene 
Miscellaneous   
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LOD limit of detection 
LOQ limit of quantification 
PEEK poly(ether-ether-ketone) 
PTFE poly(tetrafluoroethylene) 
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Chapter 1 
 
Introduction 
 
In order to develop a rapid and sensitive method for nitro-compounds that could 
potentially be used for the assay and screening of explosives, it was planned to examine 
the potential of monolithic columns.  These columns should provide the possibility of a 
high flow rate enabling faster analysis.  Because of the small sample sizes available for 
trace analysis it was proposed to examine capillary monolithic columns prepared from 
polystyrene and bonded silica.  The work was prompted because both polymer and 
silica based monolithic columns have become of interest in recent years as sorbents for 
analytical separation, offering high throughput and good efficiency.  Monolithic 
columns are an alternative to columns packed with small particles.  They have a single 
porous sponge-like structure with large through-pores and smaller mesopores 
increasing the surface area. 
 
 
1.1 Historical Background on Monolithic Material for HPLC 
 
Monolithic columns were introduced in the late 1960‟s, firstly based on organic 
polymers while monolithic silica columns were developed later [1].  The noun 
“monolith” in the Oxford English dictionary describes a single block of stone, 
especially shaped into a pillar.  It comes from the Greek word µονολιτηοσ for 
“consisting of one piece” that combines two words µονο (mono) and λιτηοσ (stone) [2].  
The adjective “monolithic” explained as a massive, solid, and uniform stone or rock 
[3].  An American-Japanese poem defines “a monolithic column as a long and thin 
block with many large or tiny holes.  Compounds jump in as a crowd, exit alone telling 
me what my sample is” [4].  A common definition [5] states that “monoliths are 
structures, which are cast in one piece”.  Tanaka and his co-workers [6], who are 
usually credited with the first practical silica monolithic columns, defined a monolithic 
column as “a column consisting of one piece of solid that possesses an interconnected 
skeleton and interconnected flow paths (through-pores)”.  It was also defined in the 
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chromatographic sense by Horvath and his co-workers [7] as “a continuous unitary 
porous structure prepared by in-situ polymerisation or consolidation inside the column 
tubing and, if necessary, the surface is functionalized to convert it into a sorbent with 
the desired chromatographic binding properties”.  More definitions of monolith can be 
found by Svec [8]. 
 
In the late 1960‟s and early 1970‟s the Monsanto research group in Ohio [9, 10] studied 
open-pore polyurethane (OPP) as a chromatographic support.  It was the first operating 
monolithic column to be used as a stationary phase for both liquid and gas 
chromatography.  They proposed making a chromatographic column from the 
polymeric foam by shaping the material and loading it into a tube. 
 
However, the interest in monolithic separation media remained low for almost two 
decades, until the 1980‟s when Professor Hjerten at the University of Uppsala in 
Sweden [11] designed chromatographic column beds of polyacrylamide to obtain high 
resolution in the separation of biopolymers. 
 
Tennikova and Svec [12] designed disks from poly(glycidyl methacrylate ethylene 
dimethacrylate) for the rapid separation of proteins.  These disks led to the development 
of the multidimensional separation process called “conjoint liquid chromatography” in 
which disks of different chemistries were used at the same time. 
 
Svec and Frechet [13] continued their development of polymer beds by using a PS-
DVB poly(styrene-divinylbenzene) copolymer.  Premstaller et al. [14] extended the 
work on poly(styrene-divinylbenzene) column by functionalizing the polymer with 
octadecyl chains for the separation of nucleic acids. 
 
In the early 1990‟s a new type of macroporous polymer monolithic column formed by a 
very simple “molding process” was reported [13].  Then later on the polymerisation 
took place in-situ within a tube, such as a chromatographic column or capillary [15] 
[16].  Subsequently, different sizes of capillaries have been used ranging from 50-320 
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µm I.D. and a rectangular 38 µm × 95 µm capillary [17] using different mold materials; 
stainless steel, synthetic polymers (polyether-ether-ketone (PEEK), poly(methyl-
methacrylate), polypropylene, polycarbonate, fused silica, quartz, and glass [18-24]. 
 
In 2002, Tanaka et al. at the Kyoto University [25] reported for the first time the 
creation of bulk silica gels from sol mixtures that have a through-pore much greater 
than those found in a particle packed bed.  Tanaka then designed a monolithic column, 
which was successfully used for the chromatographic separation of polypeptides.  This 
study led to a very successful column, which is based on this technology and is 
marketed by Merck KGaA under the trade name Chromolith [26, 27].  Since these early 
papers, the field of monolithic materials has grown significantly and the number of 
publications on monolithic silica columns has become greater than for polymeric 
monoliths and the topic has become the subject of a number of reviews [4, 28-30]. 
1.1.1 Types of Monolithic Columns 
 
The monoliths can be prepared in different ways [31] and although the chemistry may 
vary considerably, their underlying structure remains the same.  Monoliths are 
generally formed with a bimodal pore size distribution [31]. 
 
Silica monolithic column consists of a single rod with large through-pores (2 µm) and 
small pores (12 nm).  The large pores are responsible for a low flow resistance which is 
good for application of high-eluent flow-rates at a limited back pressure.  While the 
small pores offer a significant surface area.  In the case of silica-based monoliths the 
basic structure with the large through-pores is formed first, and then smaller mesopores 
are produced in a second stage.  In contrast in polymeric-based monoliths, smaller and 
larger pores are formed in-situ during structure formation Fig. 1.1 [32, 33]. 
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Silica monoliths 300 m
2
/g Polymer monoliths 15 m
2
/g 
 
Fig. 1.1  Comparison of morphology of silica-and polymer-based monoliths [34]. 
 
The main interest has been in columns consisting of a single piece of a rigid, or semi-
rigid, porous rod and two main types have been developed: organic polymers based on 
polymethacrylates and polyacrylamides [13, 24, 35, 36], polystyrene [37-40], or 
poly(vinyl ester) resin [41] and inorganic polymers based on silicates [42, 43].  Other 
materials have included compressed hydrophilic gels, carbon rods [15, 44, 45] and 
hybrid organic-inorganic silica-based monolith [46-48]. 
 
A number of these monolithic column materials have been commercialised [15, 34, 49-
51] (Table 1.1) and are available in a range of different formats from rods to discs (Fig. 
1.2). 
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Table 1.1  Examples of commercially available monolithic stationary phases for HPLC separations [15]. 
 
Product Shape Producer Chemistry Separation 
modes 
CIM disc 
Disc BIA separations 
Modified 
polymethacrylate or 
polystyrene 
copolymers 
Ion exchange, 
hydrophobic 
interaction, 
reversed 
phase, 
bioaffinity 
 
CB silica 
plate 
Disc Conchrom 
Modified silica Reversed 
phase, normal 
phase 
 
Sebrasorb 
Disc Sepragen 
Modified cellulose Ion exchange 
 
 
CIM tube 
Tube 
BIA 
Separations 
Modified 
polymethacrylate 
Ion exchange 
 
 
UNO 
Cylinder BioRad 
Polyacrylamide-
based polymer 
Ion exchange 
 
 
Swift 
Cylinder ISCO 
Modified 
polymethacrylate or 
polystyrene 
copolymers 
 
Ion exchange, 
reversed 
phase 
 
Chromolith 
Cylinder Merck 
Modified silica Reversed 
phase 
 
Monoliths 
Cylinder LC packings 
Polystyrene 
copolymer 
Reversed 
phase 
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Fig. 1.2 Different formats of commercial monolithic materials (a) CIM discs (BIA separation), (b) 
monolithic columns (ISCO), (c) tubular formats and (d) microcolumn formats [34]. 
 
(b) 
(c) 
(a) 
(d) 
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1.2 Preparation of Monolithic Columns  
1.2.1 Organic-Polymer Based Monolithic Columns 
 
Organic-polymer monoliths have been prepared in different diameters by in-situ 
polymerisation in capillaries ranging from 20-500 µm I.D. for micro-HPLC and CEC 
and up to 8 mm I.D. for HPLC [52].  The polymerisation mixtures contained monomer, 
initiators, cross-linkers and a porogen solvent.  The porogen creates an emulsion which 
forms the porous structure on polymerisation. 
 
The procedure for the capillary column preparation consisted of three steps [53, 54] 
(Fig. 1.3).  Firstly, a surface pre-treatment was applied to the capillary using 0.1 M 
NaOH to activate the surface of the column.  This step increased the concentration of 
surface silanol groups and enhanced the hydrolysis of siloxane groups for subsequent 
reaction with silanizing reagents [55].  These silanol groups provided the principal 
binding sites on the capillary surface to help the formation of highly secure organic-
based stationary phases through chemical bonding with the capillary inner walls.  
Secondly, the capillary wall was modified using different silanizing reagents, such as 3-
(trimethoxysilyl)propylmethacrylate (γ-MAPS), the most widely used reagent to create 
Si-O-Si-C bonds between the capillary wall and the reactive methacryloyl groups which 
are then available for subsequent attachment of the polymer to the wall [55-57].  Then 
the polymer mixture can be introduced and either heated or treated with UV light to 
initiate polymerisation [49, 58-60].  With UV light, the polymerisation only occurred in 
the areas that were irradiated [61].  However, photopolymerisation was easier to control 
than thermal polymerisation and has been reported to produce columns with higher 
separation efficiencies [62].  Transparent tubing was used for photopolymerisation, 
such as Teflon-coated fused silica, instead of polyimide-coated fused silica [63].  There 
were disadvantages to using Teflon tubes and they should be handled with care, 
because of their delicacy making them harder to handle, consequently capillary lifetime 
was decreased [64]. 
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Polymerisation can also be introduced by ionizing radiation, for example, electron 
beam, γ- and X-ray radiation, infrared and microwave radiation [65-69].  The 
preparation of monolithic columns using microwaves offers an alternative to traditional 
methods (thermal and UV light), as it is carried out for a shorter duration of 10 to 15 
minutes and the longer polymerisation time of the other methods is not required [57, 
70]. 
 
After the polymer had been formed, the monolithic column was washed to remove any 
remaining monomer or porogen and subsequently functionalised if necessary with an 
appropriate bonding agent [71] (Fig. 1.3). 
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Fig. 1.3  The preparation of polymeric monolithic column [71]. 
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Polystyrene divinylbenzene columns are typical polymeric-based monoliths and were 
prepared by free radical cross-linking copolymerisation of styrene and DVB (Fig. 1.4).  
The diluent (porogen) was either decanol [38] or a mixture of more than one porogen, 
such as decanol and THF [14]. 
C  II
  
I C  
I
I C
  
 
Fig. 1.4  Cross-polymerisation of styrene with divinylbenzene [72]. 
 
These polystyrene polymers are highly hydrophobic.  Therefore, they can be used 
directly as reversed-phase stationary phases [72, 73].  An example of a reversed-phase 
application is the use of unmodified PS-DVB surface which is very effective for the 
rapid separation of proteins, such proteins including high mobility groups HMG14, 
HMG17 and variants of histones H3 using gradient elution from 0-70% acetonitrile 
with 0.1% trifluoroacetic acid (TFA) [74].  However, they showed relatively poor 
chromatographic resolution when used for separation of much smaller biomolecules 
such as proteolytic peptides [74].  It was found if the surface of this synthetic polymer 
was derivatised to increase chromatographic interactions the separation of smaller 
molecules was improved [73].  Either, an alkyl styrene could be included in the 
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polymerisation mixture or after the formation of the stationary phase the surface of the 
polymer was derivatised by using a Friedel-Crafts catalyst (aluminium chloride) and an 
alkyl halide (chloro-octadecane) in an organic solvent (nitrobenzene). 
 
Huber et al. [75] found that for proteins such as ribonuclease A (RIB), cytochrome C 
(CYT), lysozyme (LYS), transferrine (TRA), trypsin inhibitor (STI) and catalase 
(CAT), larger retention factors and less peak broadening were obtained using alkylated 
PS-DVB for all the proteins except for ß-lactoglobulin A (LAC A) and ovalbuline 
(OVA), than when using unmodified PS-DVB.  The author also found good separation 
of oligonuleotides with alkylated PS-DVB [76].  The superiority of PS-DVB-C18 was 
found in more symmetrical and sharper peaks.  He explained that the enhancement in 
resolution seen in PS-DVB-C18 could have been due to the more effective shielding of 
the aromatic rings of the PS-DVB matrix.  The degree of hydrophobicity is increased 
with PS-DVB-C18; therefore the unwanted hydrophobic interaction of nucleobases 
present in oligonucleotides will be suppressed. 
 
 
1.2.2 Silica-Based Monolithic Columns 
 
Monolithic columns based on silica have been prepared in two ways [25, 77], either in a 
fused silica capillary or in a mold to give a rod which was then clad with polyether-
ether ketone (PEEK) to resist a pressure of up to 20 MPa [78].  The preparation of a 
silica monolithic column inside a fused silica capillary prevented the monolith from 
undergoing shrinkage during the sol-gel process, because of the attachment of the 
monolithic structure to the inner wall of the fused silica capillary [79]. 
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Most silica-based monolithic columns have been prepared by sol-gel technology [26, 
52, 80-85].  The sol solution was prepared by mixing appropriate amounts of 
precursors, such as tetramethoxysilane (TMOS), solvents, catalyst, and chemical drying 
agents.  Three main reactions (1-3) have been formulated to describe the sol-gel process 
based on TMOS [52, 72, 78, 86, 87]. 
 
 
Si (OR) 4 + H2O  Si (OH) (OR) 3  ROH      (1) 
 
Si-OH      Si-OH  Si-O-Si  H2O         (2) 
 
Si-OH      Si-OR Si-O-Si  ROH        (3) 
 
 
 
The silica network was formed by the hydrolysis of the alkoxy silicate, followed by 
condensation, then polymerisation.  The most widely used precursors for this synthesis 
were alkoxy-silanes, such as tetramethoxysilane (TMOS) and tetraethoxysilane 
(TEOS), the former was preferred because it had a more rapid hydrolysis [52].  The 
hydrolysis was usually initiated by mixing water with the alkoxide (M-OR) in the 
presence of an alcohol.  The hydrolysis of M-OR produced M-OH, which then reacted 
with another M-OH to produce a polycondensed chain of M-O-M linkages and water.  
Further condensation led to an increase in siloxane oligomers, which attached together 
to form a gel network (Fig. 1.5). 
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Fig. 1.5  Fabrication process of monolithic silica column for HPLC [52]. 
 
 
 
The properties of the sol-gel matrix could be changed by varying a number of factors 
[72] that altered the rate of hydrolysis and condensation, including pH, temperature, 
reagent concentration, reaction time and the nature of the catalyst used.  The mesopore 
size of the silica skeleton could be controlled by the treatment with a dilute ammonium 
hydroxide solution from 0.001 to 1 M at 120 ºC, after the formation of the network 
structure of silica skeleton.  Nakanishi and his group [88] developed an alternative 
method which eliminated the use of ammonium hydroxide after gel formation.  In this 
method, urea was introduced in the reaction mixture.  This formed the ammonia during 
the heating of the gel. 
 
The sol-gel technology was also used in the preparation of monolithic columns for 
capillary electrochromatography (CEC) (Fig. 1.5) [89, 90], high-performance GC 
columns and SPME fibers. 
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1.3 Characteristics of Monolithic Columns  
 
The structures of monolithic columns have several important differences from 
conventional packed columns as a result of the combination of macro and mesopores 
and absence of individual particles.  One obvious change is that no supporting frits are 
necessary to retain the packing material. 
1.3.1 Overall Structure 
 
Monolithic columns have a biporous structure of macropores and mesopores in a one-
piece structure.  There are two types of pores in the structure of monolithic columns: 
through-pores (macropores) which enabled an easy flow of the mobile phase and 
micropores and mesopores that offer enough surface area for the separation of the 
solute [91].  Minakuchi and co-workers [92] introduced the parameter of domain size 
(ddom).  This domain size measures the sum of thickness of the silica skeleton and the 
flow through-pore diameter (skeleton thickness + pore size).  Tanaka and co-workers 
assumed that the smaller domain size results in a lower permeability at higher column 
back pressure, but higher efficiency, while a large domain size leads to lower efficiency 
with higher permeability [93].  Similar results were found by Skudas and his group [94] 
which explained that the efficiency with silica-based monoliths increased with 
decreased skeleton diameter.  In their research they have found that the maximum 
efficiency could be reached at a skeleton diameter of 0.5 µm. 
 
The structure of the monolith allows better permeability due to a lower pressure drop 
than packed columns.  The silica-based monolithic column (Chromolith) was reported 
[44] to exhibit a back-pressure comparable to a column of identical dimensions packed 
with 11-µm beads.  However, the efficiency was similar to a conventional column 
packed with 3-µm particles.  Similarly, a column packed with 2-µm nonporous 
poly(styrene-co-divinylbenzene) particles was compared with a poly(styrene-co-
divinylbenzene) monolith [44] and it was found that the monolith performed 30-40% 
better than the packed column.  The chromatographic performance was evaluated for 
both columns in the separation of a mixture of oligodeoxynucleotides and double 
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stranded DNA using gradient elution of 5.0-12% acetonitrile in 100 mM 
triethylammonium acetate (TEAA).  The resolution of homologous 
oligodeoxynucleotides with a monolithic column was much better than a capillary 
column packed with PS-DVB-C18.  For example, the peak width at half height for 
single-stranded 18-mer oligonucleotide with 5'- and 3'-hydroxyl ends (dt)18 was found 
to be 2.28   0.22 s for monolithic column and 3.84   0.16 s for packed column with 
(n = 9).  The chromatographic efficiency of the monolithic column using (dt)18 was 
determined by isocratic elution with 7.8% acetonitrile in 100 mM TEAA at a flow rate 
of 2.4 µl/min and column temperature at 50 °C.  The theoretical plate was 11500 plates 
for a 60 mm column and 191000 plates per meter [95]. 
 
1.3.2 Porosity 
 
The pore size can be adjusted during the preparation procedure to get the best 
separation, either in one step as with a polymer-based monoliths [96-98] or 
independently for silica-based monoliths  [25, 43, 99, 100]. 
 
1.3.2.1 Porosity in Silica Monolithic Columns 
 
Monolithic silica columns such as Chromolith have macropores 2 µm in diameter and 
mesopores of 13 nm.  The total porosity is about 85% which is 15-20% higher than a 
column packed with 5 µm particles [101].  Generally, the porosity in a packed column 
is about 40%.  In a Chromolith column each macropore is an average of 2 µm and 
together they form a solid network of pores through which the eluent can flow swiftly 
and so reduce separation time.  The total column porosity  t is the sum of internal 
porosity  i or mesopores and external porosity  e or through-pores [101]. 
 
The very large surface area (300 m
2
/g) [34] is created by the finer porous structure of 
the column mesopores 13 nm in diameter on which adsorption of the target compounds 
can occur.  The sample is transferred into the channels via convection, which is a fast 
exchange between the mobile phase and the stationary phase [102, 103]. 
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One advantage of this transformation is that large molecules with low mobility, such as 
proteins, can be separated in a very short time, expressed in seconds at room 
temperature [104]. 
 
The biporous structure of the stationary phase results in high flow rate with lower 
backpressure than conventional columns.  A flow rate of up to 9 ml/min was used and 
provided fast separations [105, 106].  Moreover, the rigid and porous structure of a 
monolith allowed a speeding up of the assay times and higher solvent flows [107]. 
 
1.3.2 2 Porosity in Polymeric Monolithic Columns 
 
The pore structure of polymer monolith can be described as micro globules.  Polymeric 
monolithic columns contain a macroporous system with pore diameters of more than 
100 nm.  The specific surface area was reported and found to be less then 50 m
2
/g, 
much smaller than the typical value (300 m
2
/g) for silica monoliths [29].  Many factors 
can affect the porosity of the polymeric monolithic columns [108].  The most important 
ones are thought to be (a) the concentration of cross-linking monomer in the monomer 
mixture, and (b) the type and percentage of porogenic solvent present in the 
polymerisation system.  Other variables, such as (c) the content of initiator, (d) reaction 
time and (e) polymerisation temperature, were considered to be of less importance for 
the control of the porous properties of these materials [108]. 
 
a) The concentration of cross-linking monomer:  In order to obtain rigid hydrophilic 
monoliths which did not swell significantly in aqueous media, the degree of cross-
linking had to be high [108, 109].  This means a higher content of divinyl-monomer 
had to be added in the polymer mixture.  However, an increase in the percentage of 
cross-linking monomer generally leads to porous structures with larger surface areas 
and smaller pore sizes [108, 109]. 
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b) The type and percentage of porogenic solvent:  The percentage of the co-porogen, in 
addition to its type, affects the porous properties.  A mixture of at least two porogenic 
solvents usually provides porous polymers with the required pore size.  In order to 
create a bimodal structure for the optimisation of the column preparation, more than 
one porogen was required [7].  The group of Premstaller, Oberacher and Huber [14] 
showed excellent applications of DNA molecules on a poly(styrene-divinylbenzene) 
column in which the porogen was a mixture of THF and decanol.  The mixture would 
produce mesopores for the separation and macropores for the fast analysis. 
 
c) Polymerisation temperature:  Temperature is usually considered to have a minor 
effect on the control of the porous properties [108].  However, in some reports 
temperature is categorized as an essential variable [110].  A decrease in the 
polymerisation temperature from 90 to 60 ºC meant a decrease in the rate of 
polymerisation [110], which led to larger pores.  At 60 ºC the pore size reached its 
maximum [111].  On the other hand, Svec and his co-workers [110] described a rule, 
which said “the higher the polymerisation temperature, the smaller the pores”.  This 
was found to be true for the preparation of both poly(styrene-co-divinylbenzene) and 
poly(glycidyl methacrylate-co-ethylene dimethacrylate) monoliths in tubular moulds 
[111]. 
 
Temperature can also affect the solvation properties of the solvent.  For example, in 
case of a very poor solvent, such as dodecanol, which was used for the polymerisation 
of styrene and divinylbenzene, the temperature effect was suppressed by the larger 
effect of the porogen on the phase separation [108].  As a result, for polymerisations in 
which dodecanol was the only porogen, the size of the large-through pores increased as 
the temperature was raised from 60-80 ºC.  In contrast, when a mixture of dodecanol 
and toluene (a very good solvent for poly(styrene-co-divinylbenzene)) [108] was used, 
the pore size decreased as the temperature increases. 
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1.3.3 Techniques Used to Measure the Pore Size 
 
Several techniques have been used to examine the pore size of monolithic columns in 
the dry state and in the solvated state, either directly or indirectly [28, 112-114].  In a 
direct technique such as scanning electron microscopy (SEM), an actual image of the 
surface is obtained but no significant quantitative characterization of the surface area 
and pore volume can be obtained.  In contrast, indirect techniques, for example mercury 
intrusion porosimetry (MIP) and nitrogen absorption/desorption, measure the pore 
surface and the pore volume. 
 
The following techniques were the most widely used in the dry state: 
 
 MIP (Mercury intrusion porosimetry); indirect technique. 
 Nitrogen Absorption/Desorption; indirect technique. 
 SEM (Scanning Electron Microscopy); direct technique. 
 
However, the measurements with these methods damaged the monolithic columns.  The 
monolith was often broken into pieces before examination.  In addition, these methods 
were carried out in the dry state.  The resulting data may not be a real reflection of the 
operational pore size of the capillaries during the chromatographic process.  Horvath 
[7] has also studied three methods, which were used to determine the porosity of 
monolithic capillary columns in the solvated state. 
 
a) The elution time of a low molecular weight non-retained tracer in micro-HPLC 
(µ-HPLC) was used to calculate the total porosity. 
b) Measurement of conductivity ratio enabled an estimation of the porosity. 
c) Gravimetric, using the weight difference between a dry and acetone filled 
monolithic column. 
 
Inverse size–exclusion chromatography (ISEC) was also used in the solvated state.  Al-
Bokari and his co-workers [115] used this method as one of the most helpful methods 
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for the determination of the porosities of silica monolithic column (Chromolith 
Performance) under LC conditions using THF as a mobile phase.  The principle of this 
method is to determine the external porosity (εe), the internal porosity (εi) and the total 
porosity (εT).  The three porosities were defined as follows: 
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Where νT is the retention volume of an unretained tracer (toluene), νe is the retention 
volume of the excluded molecular mass, and νg is the geometrical volume of the 
column, with radius r calculated at  
 
 Lrvg
2         (7) 
 
ISEC was also used to determine the porosity of polymeric monolithic columns.  The 
determination of porosity and pore-size distribution of polystyrene and methacrylate-
based monoliths, were determine using polystyrene standards and tetrahydrofuran 
(THF) as a solvent [37, 116].  The ISEC results reveal the large differences in porous 
properties that existed for each type of monolithic columns.  Methacrylate-based 
columns appeared to have smaller pore sizes 1.90 nm than the polystyrene columns 
4.34 nm as demonstrated by a significantly longer retention time of benzene, the 
smallest molecule used for ISEC.  However, polystyrene columns with large pores 
performed better than methacrylate columns [116].  Urban and co-workers [91] 
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prepared six polymethacrylate-based monolithic columns with different porous 
properties from polymerisation mixtures containing butyl methacrylat (BMA), ethylene 
dimethacrylate (EDMA) monomers and mixtures of 1-propanol (PROP) and 1,4-
butanediol (BUT) as porogenic solvents.  The authors used the ISEC method to 
measure the porosity of the column and then compared this method with MIP.  The 
total porosity (0.91-0.57) measured with ISEC decreased with increasing concentration 
of monomers in the polymerisation mixture while the decrease in the total porosity 
(0.75-0.64) using MIP was much less significant.  Polymethacrylate capillary columns 
prepared with the highest concentration of porogen solvents in the polymerisation 
mixture showed the highest total porosity (εT) (0.913) and inner porosity, (εi) of (0.048) 
with ISEC.  The same column showed the highest total cumulative pore volume (2413 
mm
3
/g), the lowest density (0.29 g/cm
3
) and total porosity (εT) of (0.69) with MIP 
method.  The two methods used; ISEC and the MIP method in the dry state were 
complementary and each method has its specific results.  The MIP mehod covers the 
range of flow-through pores sizes and mesopore down to 4 nm, whereas ISEC was 
suitable for the characterisation of smaller mesopores and micropores [91, 117]. 
 
1.3.4 The Performance of Monolithic Columns 
 
The chromatographic parameters of column performance in HPLC consists of 
measuring the column efficiency [height equivalent to a theoretical plate (HETP) or H], 
which is the function of the mobile phase flow-rate; the column permeability K (or 
pressure drop), the retention factor (k value); and the column selectivity ( ) for 
important pairs of analytes [118].  The four performance parameters are discussed as 
following. 
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1.3.4.1 Column Efficiency 
 
“The efficiency of a column is a measure of the relative width of elution bands recorded 
at the column outlet” [119].  This efficiency (N) of a chromatographic column can be 
measured as: 
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Where: 
 rt  is the retention time in seconds  
 5.0w  is the width at half height of the peak in seconds 
 
It can also be expressed as height equivalent to a theoretical plate (HETP) or H which 
can be calculated from column efficiency, N. 
 
 
 
N
L
H                                                                 (9) 
 
Where L is the column length in millimetres  
 
The relationship between the efficiency expressed as the height equivalent to a 
theoretical plate (HETP) or H and the linear velocity (µ) of the mobile phase (Fig. 1.6) 
can be modelled, by the van Deemter equation (10). 
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Fig. 1.6   Van Deemter curve 
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Where A, B, and C are the coefficients for eddy diffusion, longitudinal diffusion and 
resistance to mass transfer respectively.  The linear velocity   can be calculated in 
mm/sec as in equation (11). 
 
 
t
L
                                                                        (11) 
 
Where:  
L  is the column length  
t  is the retention time of an unretained compound, such as thiourea or uracil. 
The van Deemter equation can be further expanded [120] as: 
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Where the A term is a measure of packing efficiency and found to be proportional to the 
stationary phase particle diameter (dp), the shape of the particles (λ) and the porosity of 
the particle. 
The B term represents the diffusion in the mobile phase )
2
(

 MD  where Dm is the 
diffusion constant of sample molecules in the mobile phase and µ is the linear velocity 
of the mobile phase. 
Finally the C term (
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) is in two parts representing the mass transfer 
between the stationary and mobile phases as well as within the mobile phase.  The first 
term depends on the solute and its molecular weight to be analysed; its diffusion within 
the stationary phase (Ds) and the mobile phase (Dm) and the thickness of the stationary 
phase (ds).  The second part representing the movement through the mobile phase and is 
proportional to the diffusion rate (Dm) and to the square of the particle diameter (
2
pd ) 
for packed columns and to the square of the skeleton diameter for the silica monolithic 
rod as these define the path length through the mobile phases [120, 121]. 
 
According to theory, a major difference between monolithic and packed columns was 
expected in term C, between the mass transfer characteristics of monolithic and packed 
columns.  A little change in eddy dispersion and no variation in longitudinal diffusion 
were anticipated [37].  Oberacher et al. [37] compare two PS-DVB capillary columns 
from monolithic and packed columns and studied the molecular diffusion process 
within the chromatographic bed of both columns.  The results showed that all three 
parameters (A, B and C) were two to five times lower (better) on monolithic column 
than on the packed column (Table 1.2). 
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Table 1.2  Parameters describing the molecular diffusion processes within a chromatographic bed of PS-
DVB for packed and monolithic column [37]. 
 
 
 
 
 
 
 
 
In the overall equation the optimum mobile phase velocity (the minimum of the curve) 
increases with decreasing particle diameter, allowing for faster separations.  Generally, 
increasing the flow rate above its optimum level will lead to an increase in plate height 
and, consequently result in a decrease in separation efficiency [122]. 
 
However, increasing the flow rate with small particles is limited by the back pressure.  
This effect is much less obvious for monolithic columns because of high through-pore 
ratio for a silica rod column; hence a very low back pressure is exhibited [123].  The 
structure of silica monolithic column as mentioned in (Section 1.3.1) can provide a high 
efficiency at a low back pressure [31, 99, 121, 124, 125].  However, due to the 
structural radial heterogeneity, silica-based monolithic columns yield higher A values 
on the wall region and smaller C values on the central core region of the column [119].  
The radial fluctuations of these values contribute to band broadening and cause a 
decrease in the column performance. 
 
Polymeric stationary phases were reported [126] to have lower efficiencies than silica-
based columns, especially in columns with a low degree of cross-linking, which was 
thought to be because they swell or shrink in organic solvents.  Moravcova et al. [127] 
compared the performance of different polymer-based monoliths prepared by a mixing 
butyl methacrylate (BMA) and ethylene glycol dimethacrylate (EDMA) with various 
concentrations of porogen components consisting of water, 1-propanol and 1,4-
Column type 
Eddy 
dipersion, 
A (µm) 
Longitudinal 
diffusion, B (µm 
mm/s) 
Mass transfer, C (µm/ 
(mm/s)) 
Packed 15.7 3.6 13.5 
Monolithic 3.0 0.9 6.1 
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butanediol.  The author observed that the column efficiency decreased with an 
increasing proportion of porogen in the polymerisation mixture.  The best efficiency 
was seen at a height equivalent to a theoretical plate of 29 µm observed for columns 
prepared with 60% porogen solvent and 40% monomers and with 64% w/w of 1-
propanol in the porogenic solvent. 
 
1.3.4.2 Column Permeability 
 
The large through-pores in monolithic structures is an advantage giving higher 
permeability of the stationary phase and giving better mass transfer properties 
compared to packed columns.  Therefore, high speed separations are possible without a 
significant loss of resolution [128]. 
 
High permeability is an important feature of monolithic silica columns basically for 
high peak-capacity applications.  Columns with a small domain size showed a higher 
column efficiency and higher pressure drop than those with a large domain size [78].  
High external porosity, uniformity of through-pores, and large (through-pore 
size)/(skeleton size) ratios can produce much higher permeability of monolithic 
columns than that of a column packed with particles of similar column efficiency [129].  
For example, Chromolith columns shows specific permeability, K = 8 × 10 
-14
 m
2
, 
greater than that of a column packed with 5 µm particles by a factor of about two, and a 
plate height, H, of about 10 µm or less [130]. 
 
The relationship between the pressure and permeability is inversely proportional and 
can be described as [52]: 
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Where: 
 the linear velocity of the mobile phase 
  is the viscosity of the mobile phase,  
L  is the column length and  
P  is the back pressure. 
 
The back pressure ( P ) is lower for monolithic silica columns than for particle-packed 
columns.  When two columns of the same sizes were compared; a packed column of (5 
µm 4.6 × 150 mm) and monolithic rod (1.7 µm skeleton, 2.2 µm through-pore), the 
back pressure of silica monolithic column was lower by a factor of 6-8 than the packed 
column [77, 121].  This shows the great advantage of monolithic columns over packed 
columns at high flow rates.  Packed columns with small diameter can stand lower flow 
rates in the 0.5 to 1 ml/min region, but at higher flow rates they loose efficiency.  In 
contrast, silica rod columns can be run from 1 to 10 ml/min with no more than about 
two-fold loss in efficiency [52].  A faster separation with lower back pressure of 68 bar 
was obtained using Chromolith Performance with a flow rate of 4 ml/min compared to 
an XTerra RP18 column which had a back pressure of 154 bar at a flow rate of 1 
ml/min [131]. 
 
High permeability also provides a help in chromatographic separations as it allows the 
use of a long column systems formed by connecting several columns in series.  These 
techniques can produce large numbers of theoretical plates as the length is increased 
[130, 132].  For example, six Chromolith columns with a total length of 60 cm were 
coupled in series and were able to produce 41,000-47,000 theoretical plates for 
alkylbenzenes at a flow rate of 1 ml/min [130]. 
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1.3.4.3 Retention Factor and Column Selectivity 
 
As RP-HPLC became widely accepted as an analytical technique, many workers and 
researchers took advantage of mobile phase and column chemistry changes to 
manipulate selectivity.  Selectivity ( ) is the ratio of the retention factors (k) of two 
separate peaks, or the ratio of the adjusted retention times.  Eq. (14) is one of the 
fundamental resolution equation which relate retention factor (k), selectivity ( ), and 
efficiency (or band broadening) (N) [133]. 
 
 
)]1/()[1(
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 kkNRs                                       (14) 
 
Where:  
Rs is the resolution 
N is the column plate number 
  is the separation factor 
k is the retention factor 
 
The first factor, ¼(N
1/2
) describes the band broadening process.  This process can be 
controlled by mobile phase flow, column dimensions, and particle size.  The second 
factor, ( -1)[k/(k+1)], describes the differential migration process.  This can be 
controlled by the chemistry of the column packing and mobile phase [133]. 
 
A reversed phase chromatography (RPC) columns can be described in terms of the 
nature of ligand (C18, C8, phenyl, etc.), particle pore diameter, and silica type (A or B).  
Monolithic columns can be characterized as type-B alkyl silica.  Type-B columns are 
made from pure silica where as type-A silica is contaminated by various amounts of 
certain trace metals, especially Al[III] and Fe[III] [134]. 
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In order to choose the suitable column for a large number of chromatographic tests 
which involved different solutes, the interaction of a sample molecule with the column 
packing has to be considered [135].  Column selectivity is determine by different 
parameters, such as hydrophobicity (H), steric resistance (S*), hydrogen-bond (H-B), 
acidity (A), H-B basicity (B) and cation-exchange capacity (C).  The separation factor 
  of a given solute (relative to the reference solute ethyl benzene (EB)) can be 
represented by these five column characteristics and modelled as Eqn. 15 [135, 136]. 
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Where: 
  is a separation factor 
k and kEB are values of retention factor for a given solute and the reference compound 
ethyl benzene (EB) 
The quantities ' , ' , ' , ' , and 'k refer to certain properties of the solute molecule: 
hydrophobicity ( ' ), bulkiness ( ' ), H-B basicity ( ' ), H-B acidity ( ' ), and effective 
ionic charge ( 'k ). 
 
For example, when two alkylsilica columns are compared using Eqn. 15, the selectivity 
can be described by a function Fs  [136] which is equal to the weighted distance 
between two columns 1 and 2 whose values of H, S*, A, B, and C are plotted in 5-
dimensional space: 
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Similar selectivity is obtained when Fs values are small whereas a larger value of Fs 
leads to a high difference in selectivity.  A value of Fs ≤ 3 means equivalent column 
selectivity while a value of Fs ≤ 10 showed that the two columns could be used for 
many samples and give similar results.  This feature (Fs) is very useful in column 
selectivity especially if an alternative replacement column with similar selectivity is 
needed.  As contrast, when two columns with different selectivity (orthogonal columns) 
are used for separation; one of the column might improves the resolution of certain 
peaks in the chromatogram, some components might be overlapped so the other column 
could separate them and orthogonal columns may be required for two-dimensional 
separation where two different columns are used sequentially for the separation of the 
samples [134]. 
 
 
1.4 Applications of Monolithic Columns in HPLC 
 
High performance liquid chromatography (HPLC) is a pressure-driven separation 
technique and is a powerful tool for separation, isolation and purification of different 
types of natural or synthetic compounds.  The chromatographic applications can take 
place using different modes, such as reversed-phase chromatography (RPLC), ion-
exchange chromatography (IEC), hydrophilic interaction chromatography (HILIC) and 
hydrophobic interaction chromatography (HIC) [137] many of which can be carried out 
using monolithic columns. 
 
A literature review on the role of monolithic silica column for HPLC by Tanaka and co-
workers [138] has recently been published. 
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1.4.1 Application for Peptides, Proteins and Biochemicals 
 
Both polymeric and silica based monolithic columns have been used in a number of 
techniques for the separation of peptides and proteins and similar biological 
macromolecules, including ion-exchange chromatography (IEC), hydrophilic and 
hydrophobic interaction chromatography. 
 
a) Polymer monoliths 
 
IEC is one of the most frequently used techniques for the separation of charged 
molecules [137].  The disk format appeared to be more convenient for protein or DNA 
separations using a gradient elution mode, whereas rod columns are preferable for the 
isocratic chromatographic separation mode of low molecular mass analytes [137].  For 
example, methacrylate-based monoliths are commercialised under the trademark 
Convective Interactive Media® (CIM) [139], have been used to study the application of 
different groups of molecules, proteins, DNA, oligonucleotides, peptides and organic 
acids [140-142]. 
 
A successful application of IEC on short monolithic columns (disk) used a gradient 
elution for the separation of peptide mixtures.  The three linear lysine homologues 
consisting of 4,8 and 12 lysyl residues were separated within 5 minutes using CIM SO3 
disk [143].  The separations of peptides and proteins have been widely carried out using 
PS-DVB monolithic columns [137, 144, 145].  A rapid separation of a mixture 
containing five proteins in less than a minute (20 second) was obtained using 4.6 mm 
I.D. PS-DVB monolithic column and a gradient elution at a flow rate of 10 ml/min and 
low back pressure [146].  A PS-DVB monolithic capillary column (50 mm × 0.2 mm 
I.D.) was used in RPLC for the separation of nucleic acids [147]. 
 
A phenyl acrylate-based monolithic column was also used for the separation of proteins 
but is less widely used compared to PS-DVB monoliths.  The separation of proteins and 
oligodeoxynucleotides was successfully carried out on a phenylacrylate and 1,4-
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phenylene diacrylate (PA/PDA) monolith using a gradient elution over 6 minutes at a 
flow rate of 7.9 µl/min [148]. 
 
Liquid chromatography-mass spectrometry (LC-MS) technique was applied 
successfully using PS-DVB monolithic stationary phases for the application of peptides 
and proteins [149-155]. 
 
HILIC is an alternative technique to RPLC for the separation of polar compounds, such 
as carbohydrates, peptides, proteins, natural product extracts and polar pharmaceuticals 
[137].  Methacrylate-based and polyacrylamide monoliths were used for the separation 
of polar analytes in the hydrophilic interaction chromatography mode (HILIC) [156, 
157].  Polymer monolithic columns can also be used for fast hydrophobic interaction 
chromatography (HIC) [158].  HIC is based on the interaction of hydrophobic patches 
sited on proteins with hydrophobic ligands, usually short alkyl chains or phenyl groups 
found on the surface of the separation column, that are accountable for these 
interactions.  A laboratory-made poly(butyl methacrylate-co-2-hydroxyethyl 
methacrylate-co-1,4-butanediol dimethacrylate) monolithic column was used by 
Hemstrom and his co-workers [159] for the separation of protein mixture consisting of 
myoglobin, ribonuclease A and lysozyme at linear gradient conditions and at a flow 
rate of 2.5 µl/min.  The separation of proteins was achieved using more advanced 
technique with hydrophobic monolithic columns [160].  The online multidimensional 
µRPLC-MS/MS was used using a (85 cm × 75 µm) methacrylate-based monolithic 
column combined with a phosphate monolithic trap capillary column.  The results 
showed that a total of 78,864 peptides and 2051 distinct proteins with 8500 unique 
peptides were successfully identified from 20 µg tryptic digest of yeast proteins [160]. 
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b) Silica monoliths  
 
Monolithic silica columns have been used in the separation of peptides and proteins 
with molar masses up to 80000 [161, 162].  Surface modification enables silica-based 
monolithic columns to be used in a mixed reversed-phase/weak anion-exchange 
(RP/WAX) mode.  A Chromolith column of 4.6 mm I.D. was modified using N-(10-
undecenoyl)-3-aminoquinuclidine as RP/WAX ligand for the separation of peptides and 
hydrophilic acidic peptides which are insufficient retained using RP monolithic column 
without modification [163]. 
 
Proteomic applications of the high sensitivity for more complex mixtures of peptides on 
monolithic silica columns were enabled using LC-MS for high efficiency and 
resolution [164-170]. 
 
Luo et al. [171] developed a silica monolithic column of (250 mm × 10 µm I.D.) for the 
quantitative of proteome analyses using electrospray ionization-mass spectrometry 
(ESI-MS).  The authors also described the development of a 50 µm I.D. microsolid 
phase extraction (microSPE) precolumn for the clean-up procedure of a sample prior to 
analysis coupled with ESI-MS.  A number (5510) of unique peptides that covered 1443 
distinct Shewanella oneidensis proteins were identified in a single 4 hour LC-ESI-
MS/MS analysis.  The authors reported the advantages of the microSPE-nanoLC-ESI-
MS technique for the application of proteomic assays were that it enhanced the 
robustness over a four months period, minimized post-column dead volume and 
provided lower back ground ESI signals. 
 
Monolithic silica columns were used in more advanced techniques; they were studied 
for the separation of peptides by multidimensional liquid chromatography-mass 
spectrometry (LC-MS) [172]. 
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The separation of highly polar compounds was achieved using silica monolithic 
columns coated with polyacrylamide in HILIC mode.  Ikegami and his co-workers 
[173] used a polyacrylamide-modified monolithic silica capillary column of 100 µm 
I.D. (PAMS) for the separation of nucleosides and nucleic bases.  The authors found the 
PAMS column very effective for producing a stationary phase for HILIC mode, 
maintaining the higher permeability and the separation efficiency.  The poly(acrylic 
acid) coated monolithic silica column (MS-200T-PAA(30)) for HILIC was used for the 
analysis of saccharides using ESI-TOF-MS technique [174]. 
 
 
1.4.2 Application for Low Molecular Mass Organic Compounds 
 
Most of HPLC applications of monoliths to small molecules were described for the 
separation of alkylbenzenes or polynuclear aromatic hydrocarbons but they have also 
been applied to a wide range of more complex analytes Table 1.3. 
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Table 1.3  Examples of HPLC applications on aromatic compounds using polymeric-based and silica-
based monolithic columns 
 
Column Application LC mode LC conditions Detection Reference 
Poly(butyl methacrylate 
(BMA) co-ethylene 
dimethacrylate (EDMA)) 
capillary 
(190 mm × 320 µm I.D.)  
Alkybenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(65:35,v/v); 1 µl/min 
and 3 µl/min 
UV (214 nm) [175] 
Poly(butyl methacrylate 
(BMA) co-ethylene 
dimethacrylate (EDMA)) 
capillary 
(1000 mm × 320 µm 
I.D.) 
Alkybenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(60:40,v/v);  8 µl/min  
UV (254 nm) [176] 
Poly(butyl methacrylate 
(BMA) co-ethylene 
dimethacrylate (EDMA)) 
capillary 
(187 mm × 320 µm I.D.) 
Alkybenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(70:30,v/v); 2.1 
µl/min  
UV (254 nm) [127] 
Poly(hexyl methacrylate 
(HMA) co-ethylene 
dimethacrylate (EDMA)) 
capillary 
(200 mm × 250 µm I.D.) 
Alkybenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(50:50,v/v); 3 µl/min  UV (215 nm) [177] 
ODS silica capillary 
column (TMOS type)  
(335 mm × 50 µm I.D.) Alkylbenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(80::20, v/v);  sub  
µl/min, column temp 
at (20-25°C) 
UV (254 nm) [100] 
ODS silica capillary 
column (TMOS + MTMS 
type) three column 
connected in series 
(11400 mm × 100 µm 
I.D.),(12440 mm × 100 
µm I.D.), 
Alkylbenzenes 
 
and (PAHs) 
RP-HPLC 
Mobile phase, 
ACN/H2O  
(80::20, v/v);  
35.4 MPa. and 
46.6 MPa. , column 
temp at 30°C 
UV (210 nm) [178] 
ODS silica rod (TMOS 
type)  
(100 mm × 4.6 mm I.D.), 
Alkylbenzenes 
 
RP-HPLC 
Mobile phase, 
MeOH/H2O  
(80:20, v/v); 1 mm/s 
 [25] 
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Continued Table 1.3 
Column Application LC mode LC conditions Detection Reference 
ODS silica rod 
(83 mm × 7 mm I.D.) 
Alkylbenzenes RP-HPLC 
Mobile phase, 
MeOH/H2O  
(80::20, v/v); 4.99 
mm/s, column temp at 
30°C 
 [179] 
SilicaROD 
(100 mm × 4.6 mm I.D.) 
Alkybenzenes RP-HPLC 
Mobile phase, 
ACN/H2O  
(73::27, v/v);  
2 ml/min, column temp 
at 25°C 
UV (254 nm) [180] 
Carbon rod  
(80 mm × 3.4 mm I.D.) 
Alkybenzenes RP-HPLC 
Mobile phase, 
MeOH/CH2CL2/C6H14  
(30:69:1, v/v);  1.0 
ml/min, column temp 
at 25°C 
UV, variable 
wavelength 
[181] 
Poly(octyl methacrylate 
(OMA)-co-EDMA) 
capillary 
(199 mm × 530 µm I.D.)  
Pyridines, 
phenols 
RP-HPLC 
Mobile phase, 
ACN/H2O  
(20:80,v/v); 40 µl/min 
UV (230 nm) [182] 
Poly(N,N-dimethyl-N-(2-
methacryloxyethyl)-N-(3-
sulphopropyl) 
ammonium betaine-co-
EDMA) capillary 
 (285 mm × 100 µm I.D.) 
Benzoic acid 
derivatives 
HILIC 
Mobile phase, 50 mM 
ammonium formate pH 
3.0 in ACN/H2O  
(75:25,v/v); 0.8 µl/min 
UV (214 nm) [156] 
PS-DVB capillary 
(50 mm × 0.2 mm I.D.) 
Phthalates RP-HPLC 
Mobile phase, 
ACN/H2O (60::40, 
v/v);  100 µl/min 
column temp at 30°C  
UV (210 nm) [183] 
Silica particles 
encapsulated PS-DVB  
(100 mm × 200 µm I.D.) 
Benzamide 
benzophenone 
biphenyl 
RP-HPLC 
Mobile phase, 
ACN/H2O (60::40, 
v/v);  2µl /min 
UV (254 nm) [184] 
Alkylated PS-DVB 
capillary 
(250 mm × 100 µm I.D. ) 
Phenolic acids RP-HPLC 
10 mM ammonium 
acetate, pH 3.0 UV (210 nm) [185] 
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Continued Table 1.3 
Column Application LC mode LC conditions Detection Reference 
ODS silica monolith 
particle column 
 (300 mm × 0.5 mm I.D.) 
Phenols 
2-Nitroaniline 
Benzene and 
toluene 
RP-HPLC 
Mobile phase, 
MeOH/H2O  
(80::20, v/v) with 
0.1% TFA;  0.01 
ml/min 
UV (254 nm) [186] 
ODS silica research 
column  
(100 mm × 10 mm I.D.), 
Alkylparabens:m
ethyl paraben, 
propyl paraben, 
butyl paraben 
RP-HPLC 
Mobile phase, 
ACN/H2O  
(50:50, v/v); 10 
ml/min 
MS [187] 
Chromolith SpeedROD  
RP-18e 
(100 mm × 4.6 mm I.D.) 
Phenols RP-HPLC 
40 mM  phosphate 
buffer pH 5.25 
ACN/H2O (64:36, 
v/v); 4 ml/min 
UV (195-375 
nm) 
[188] 
Chromolith SpeedROD  
RP-18e 
(100 mm × 4.6 mm I.D.) 
Benzene, aniline 
ethyl aniline 
pyridine 
RP-HPLC 
Mobile phase, 
ACN/H2O (40:60, 
v/v); 5 ml/min 
UV (254 nm) [189] 
Chromolith  performance 
RP-18e 
 (100 mm × 4.6 mm I.D.) 
for 1st-D column 
Chromolith Speed RP-
18e 
(50 mm × 4.6 mm I.D.) 
for 2nd-D column 
Phthalates, 
nitrobenzenes, 
nitrophenols 
 
RP-2D-HPLC 
Mobile phase, 
THF/H2O  
(22:78, v/v); 1 
ml/min for 1st column 
MeOH/H2O  
(45:55, v/v); 1 
ml/min for second 
column, 
column temp at 30°C 
UV (254 nm) [190] 
Unmodified silica 
monolithic rod 
 (100 mm × 4.6 mm I.D.) 
Toluene, 
nitrobenzene, 2-
nitroanisole 
NP-HPLC 
Mobile phase; 
n-heptane/dioxane 
(95:5, v/v), flow rates 
2 ml/min 
UV (254 nm) [191] 
ODS silica capillary 
 (495 mm × 0.1 mm I.D.) 
(470 mm × 0.1 mm I.D.) 
 
Recycle 
separation of 
benzene, 
benzene-d6 
RP-HPLC 
Mobile phase, 
ACN/H2O (40:60, 
v/v); within 75 min 
after 5 cycles at inlet 
pressure: 2.5 MPa 
UV (208 nm) [192] 
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Continued Table 1.3 
Column Application LC mode LC conditions Detection Reference 
Chromolith SpeedROD  
RP-18e 
(150 mm × 4.6 mm I.D.) 
Organic 
explosives: 
nitroaromatic, 
nitramines and 
nitrate esters 
RP-HPLC 
Gradient elution 
program-
MeOH/H2O A: 
(10:90, v/v)  B: 
(70:30) for 13 min; 
3 ml/min, column 
temp at 60°C 
UV (254 and 
210 nm) 
[193] 
 
 
a) Alkylbenzenes and substituted aromatic analytes  
 
Moravcova et al. [194] analysed the isocratic separation of nine benzene derivatives on 
a methacrylate-based monolithic column and compared it with a column packed with 
Biosphere C18 beads.  The results obtained from both columns appeared to be similar in 
retention behaviour but the separation on the monolith was twice as fast.  Another 
group of scientists [195] designed a poly(BuMA-co-EDMA) monolithic capillary 
column which allowed the gradient separations of low molecular mass alkylbenzenes 
within 4 minutes. 
 
Xiong et al. [196] prepared a porous poly(styrene-co-divinylbenzene-co-methacrylic 
acid) column for the separation of small neutral compounds, such as phenols, 
chlorobenzene, anilines and alkylbenzenes within 5 min.  The alkylated poly(styrene-
divinylbenzene) monolithic columns by Friedel-Crafts alkylation (FC) and surface 
alkylation by grafting the surface with methacrylate (GR) were used in the separation of 
three phenolic acids and compared with unmodified PS-DVB monolith (UM).  The 
three phenolic acids were separated on both alkylated poly(styrene-divinylbenzene) 
monolithic columns in 1.5 minutes but no separation of phenolic acids was achieved 
using unmodified PS-DVB monolithic column (Fig. 1.7) [185]. 
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Fig. 1.7  Chromatographic separation of phenolic acids obtained with PS-DVB monoliths, (A) UM 
column, (B) FC column, and (C) GR column (100 µm I.D., 25/33.5 cm); 10 mM ammonium 
acetate buffer, pH 3.0; detection: UV (214 nm); sample: (1) gallic acid, (2) syringic acid, (3) 
ferulic acid [185]. 
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Silica monolithic columns were also used for low molecular compounds such as 
alkylbenzenes [43, 100].  The dominance of silica monoliths for small molecules, as 
seen in Table 1.3, is connected with their pore structure.  Silica-based monoliths have 
small-sized skeletons and a bimodal pore size distribution.  As described in (Section 
1.3.1) the structure of silica-based monoliths leads to the higher surface area and higher 
efficiency.  The efficiency of silica monolithic columns in RPLC for small molecules is 
often higher than those for polymer materials [137].  A silica monolithic column 
bonded with ODS was used for the separation of aromatic molecules such as benzene, 
naphthalene, biphenyl and anthracene.  The results exhibit high separation efficiency 
[197]. 
 
Jiang et al. [156] demonstrate the stability of porous zwitter-ionic monolithic column 
for HILIC.  The four low molecular mass neutral amides including acrylamide, 
methacrylamide, N,N-dimethacrylamide and N,N-dimethylenebisacrylamide were 
easily separated using HILIC, whereas, they were only weakly retained by RPLC.  The 
authors used the same column for the separation of seven derivatives of benzoic acids 
as well as a mixture of several pyrimidines, purines and neutral compounds. 
 
 
b) Pharmaceuticals and related applications  
 
Monolithic silica columns have been applied in several areas (Table 1.4), such as 
pharmaceutical, environmental, food analysis and chiral separations [101] and have 
also been introduced into the field of forensic analysis.  For example, the separation of 
drugs and detection of heroin [198], the separation of opiate alkaloids [199]. 
 
 
 
 
 
 
Chapter 1                                                                                                        Introduction 
 40 
Table 1.4  Examples of HPLC applications pharmaceuticals and drugs using polymeric-based and silica-
based monolithic columns 
 
Column Application LC mode LC conditions Detection Reference 
Chromolith SpeedROD  
RP-18e 
(50 mm × 4.6 mm I.D.) 
Amphetamines 
Barbiturates 
Temazepam 
RP-HPLC 
Gradient elution 
program-
MeOH/H2O A: 
(5:95, v/v) B: 
(95:5) with 1% 
formic acid, flow 
rate 2.5 ml/min, 
column temp at 
30°C 
 
MS [200] 
Chromolith  flash RP-18e 
(25 × 4.6 mm I.D.) 
coated with 
cetylpyridinium chloride 
(CPC) 
Zonisamide & 
derivatives 
IE-HPLC 
(anion-
exchange) 
40 mM sodium 
perchlorate 
solution (pH 7.0 
with 10% ACN; 2 
ml/min 
 
UV (210 nm) [201] 
Chromolith Flash 18e 
(25 mm × 4.6 mm I.D.)  
Chromolith  Speed ROD 
RP-18e 
 (50 mm × 4.6 mm I.D.)  
Chromolith performance 
18e 
(100 mm × 4.6 mm I.D.) 
Amphetamine, 
methamphetamines 
RP-HPLC 
Mobile phase; 
phosphate 
buffer/acetonitrile  
(97:3, v/v), pH 2.5; 
flow rates 1.5 
ml/min, 4.5 
ml/min,  and 8.5 
ml/min at 30 °C 
 
UV (227 nm) [202] 
Chromolith RP-18e 
(12.5 mm × 4.6 mm I.D.) 
Benzodiazepines RP-HPLC 
35 mM  phosphate 
buffer pH 2.1 
ACN/H2O (65:35, 
v/v); 2 ml/min 
UV (220 nm) [203] 
Chromolith RP-18e 
(100 mm × 4.6 mm I.D.) 
Haloperidol & 
metabolites 
RP-HPLC 
100 mM  
phosphate buffer 
pH 3.0 or 3.5 
ACN/H2O (70:30, 
v/v); 1 ml/min or 
(80:20, v/v); 5 
ml/min 
UV (230 nm) [204, 205] 
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Continued Table 1.4 
Column Application LC mode LC conditions Detection Reference 
Chromolith RP-18e 
(100 mm × 4.6 mm I.D.) 
Tadalafil RP-HPLC 
100 mM  
phosphate buffer 
pH 3.0 ACN/H2O 
(80:20, v/v); 5 
ml/min 
 
UV (230 nm) [206] 
Chromolith RP-18e 
(100 mm × 4.6 mm I.D.) 
Chloramphenicol 
 
RP-HPLC 
100 mM  
phosphate buffer 
pH 3.0 ACN/H2O 
(75:25, v/v); 1.5 
ml/min 
 
UV (275 nm) [207] 
Chromolith performance 
18e 
(100 mm × 4.6 mm I.D.) 
 
The assay of 21 
amino acids 
RP-HPLC 
Mobile phase; 
tertiary gradient 
system over 24 
min run time: A, 
H2O, B, 
MeOH:ACN:H2O 
in ratio of 
(40:50:10, v/v/v), 
and C, 100 mM 
sodium acetate 
buffer containing 
5% (v/v) MeOH 
pH 6.3; flow rates 
2 ml/min, column 
temp  at 30 °C 
Fluorescence 
detector 
(maximum 
excitation, 340-
360 nm; 
maximum 
emission, 495 
nm; logarithmic 
amplification 
scale from 1 to 
1000) 
[208] 
 
 
The good performance of silica monolithic columns (Chromolith columns) with fast 
RPLC is a great advantage in the field of therapeutic drug monitoring (TDM).  
Chromolith columns were used for the determination of drugs for pharmacokinetic 
studies.  Chromolith RP of 4.6 mm I.D. was used in the separation of the antifungal 
agent voriconazole with a limit of detection of about 50 ng/ml in plasma sample at flow 
rate of 3.5 ml/min within 4 minutes [209]. 
 
Chapter 1                                                                                                        Introduction 
 42 
The high permeability as well as high efficiency makes silica-based monolithic 
columns suitable for high-speed separations especially for a complex mixture.  The 
separation of a methylxanthines mixture and their metabolites in the urine of asthmatic 
patients was achieved within 15 minutes on Chromolith Performance with 0.01 M of 
potassium dihydrogen phosphate and pH 4 at flow rate of 1 ml/min [210].  The 
Chromolith column was also used in the separation of active compounds exist in the 
plant material Echinacea pallida which is used in the formation of herbal medicines.  
The analysis was carried out with a gradient mobile phase composed of water and 
acetonitrile at a flow rate of 2 ml/min [211]. 
 
Yang et al. [212] used silica monolithic column prepared with tetramethoxysilane 
(TMOS) and poly(alkylene oxide) block polymer (F127); F127/TMOS for the 
separation of phosphatidylcholine from soy lectin.  The separation obtained using 
mobile phase 95% ethanol at flow rate 1 ml/min within 6 minutes.  The separation of 
flavonoids, carotenoids, resveratrol, and tocopherol isomers, fullerenes and anions has 
also been achieved on a silica monolithic column [213]. 
 
 
c) Two dimensional separations 
 
The combination of a comprehensive two-dimensional can be enhanced by using 
system with a silica-base monolithic column as the second dimension separation and 
has produced improved results in terms of peak shape, quicker retention time and 
general overall efficiency.  This was because of the increased number of peak detected 
and the decrease of analytical time. As the 2nd-D analysis should be performed in a 
very short time, the second column must be used at a high linear velocity and this is the 
advantage of monolithic columns which exhibit a high efficiency and high permeability 
[214, 215]. 
 
Tanaka and co-workers [216] used a silica monolithic ODS column as the second 
dimensional separation to improve the performance of comprehensive two-dimensional 
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liquid chromatography system (2D-HPLC).  In the 1st-D, ion-exchange-mode was used 
and in the 2nd-D, an octadecylsilylated (C18) monolithic silica column was used.  A 
long separation time was needed for both the 1st-D and the 2nd-D separation.  The 
separation in the ion exchange mode was quite slow and inefficient.  This method was 
applied to the separation of a complex mixture in Rhizoma Chuanxiong-the most 
common drug used in traditional Chinese medicines (TCMs) [214].  Cacciola et al. 
[217] reported the separation of phenolic and flavone antioxidants using a 
comprehensive 2D-HPLC method with parallel gradients.  Particle-packed columns 
such as PEG-silica, phenyl-silica and C18 columns in a single-column or serial 
arrangement were used in the 1st-D at a flow rate of 0.3 ml/min, whereas a Chromolith 
SpeedRod RP-18e monolithic column was used on the 2nd-D separation at a flow rate 
of 2.0 ml/min. 
 
Chromolith columns were used in more advanced techniques; two Chromolith columns 
of 4.6 mm I.D. and different lengths were used in 2D-HPLC.  Chromolith Performance 
(100 mm × 4.6 I.D.) was used as a 1st-D column in isocratic mode with 20% THF as a 
mobile phase, and a Chromolith Speed (50 mm × 4.6 I.D.) was used as a 2nd-D column 
with 45% CH3OH as amobile phase and addition of 0.1% HCOOH to the mobile 
phases.  The 2-D HPLC system was applied in the separation of a wide range of 
compounds with different polarities such as alkylbenzenes, ethers, ketones, phenols and 
nitroarenes (Table 1.3) [190]. 
 
 
1.4.3 Inorganic Anions and Cations 
 
Silica monolithic columns are very useful in the analysis of inorganic anions and 
cations in the IEC mode (Table 1.5).  For example, Chromolith Speed ROD was used 
for the separation of inorganic anions such as phosphate, chloride, sulphate, Nitrate, 
Nitrite and chlorate in 15 seconds using ion-interaction reagent; tetrabutyl ammonium 
phthalate [218]. 
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Table 1.5  Examples of HPLC applications for anions using polymeric-based and silica-based monolithic 
columns 
Column Application LC mode LC conditions Detection Reference 
Poly(methacrylates) 
coated monolithic silica 
capillary (DMAEA-Q) 
(300 mm × 200 µm I.D.) 
 
Inorganic 
anions: nitrate, 
nitrite, bromide 
IE-HPLC 
Mobile phase, 0.5 M 
NaCl 
 
UV (210 nm) [219] 
ODS silica capillary 
column (TMOS type)  
(200 mm × 100 µm I.D.), 
coated with 
cetyltrimethylammonium 
ion 
Bromide in 
seawater 
samples 
IE-HPLC 
(anion-
exchange) 
Mobile phase, 50 
mM NaCl 
UV (210 nm) [220] 
*Chromolith  Speed 
ROD RP-18e 
 (50 mm × 4.6 mm I.D.)  
 Chromolith  18e 
(100 mm × 4.6 mm I.D.) 
  
Inorganic 
anions: nitrate, 
nitrite, bromide 
IE-HPLC 
Mobile phase, 0.5 M 
NaCl + 5 mM sodium 
phosphate pH 4.7 
flow rate 1-3 ml/min 
UV (227 nm) [221] 
**Chromolith Flash 18e 
(25 mm × 4.6 mm I.D.)  
Chromolith  Speed ROD 
RP-18e 
 (50 mm × 4.6 mm I.D.)   
Inorganic 
anions: nitrate, 
chloride, 
sulphate and 
cations: copper, 
magnesium, 
calcium 
IE-HPLC 
2.5 mM phthalate/1.5 
mM 
ethylenephosphate, 
pH 4.5; 0.5 ml/min 
through anion 
column and 1.5 
ml/min through 
cation column, 
column temp at 30 °C 
Direct 
conductivity 
for anions and 
indirect 
conductivity 
for cations 
[222] 
ProSwift SAX-1S 
(50 mm × 4.6 mm I.D.) 
Inorganic anions 
in seawater 
sample 
IE-HPLC 
Mobile phase, 10 
mM KOH on 
gradient elution 0-1 
min 10 mM, 1-25 
min 10-50 mM, 25-
43 min 50 mM, 43-
43.5 min 50-10 mM, 
43.5-50 min 10 mM 
at flow rate 1 ml/min. 
UV (215 nm) [223] 
* The columns were coated and equilibrated with 5 mM cetyltrimethylammonium chloride (CTAC) aqueous solution. 
** The first column was coated with didodecyldimethylammonium bromide (DDAB), for anion analysis; and the second column 
with dioctylsulphosuccinnnate (DOSS), for cation analysis.   
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Short silica monolithic anion exchange column of (10 × 4 mm) provided by Merck was 
modified for anion exchange using didodecyldimethylammonium bromide (DDAB) 
reagent and used with low pressure gradient µ-IEC for the analysis of common anions: 
fluoride, chloride, nitrate, bromide and sulphate [224].  Separation of cations, such as 
protons, magnesium and calcium, was achieved within 4.0 minutes on a Chromolith 
column of 4.6 I.D. coated with lithium dodecylsulfate (Li-DS).  The eluent consist of 2 
mM ethylenediamine solution with 0.1 mM Li-DS at pH 6.0 using flow rate at 4 
ml/min [225]. 
 
Zakaria et al. [226] examined the effect of flow rate on a separation of seven anions 
using methacrylate-based monolithic column coated with quaternary ammonium latex 
AS10 (Dionex) in micro-ion chromatography (µ-IC) mode in the range of 17-31 
µl/min.  The authors reported that the resolution for macroporous monolithic stationary 
phases does not depend on flow rate but that the separation time can be reduced several 
fold to than 2 minutes. 
 
For some applications the Chromolith columns can be coated with surfactant for a 
wider separation of anions of both weakly retained anions and strongly retained 
polarisable anions with a decrease in running time up to 10-fold.  Chromolith 
monolithic reversed-phased C18 of 4.6 mm I.D. was coated with zwitterionic surfactant 
of N-dodecyl-N,N-(dimethylammonio)undecanoate (DDMAU) which results in a 
charged double layer structure.  The column was used for the separation of a mixture of 
anions such as iodate, bromate, nitrite, bromide, nitrate, iodide and thiocyanate [227].  
Fast IE separation of small anions was obtained on short Chromolith column (0.5-1 cm) 
coated with the surfactant didodecyldimethylammonium bromide (DDAB) at a flow 
rate of 2 ml/min within (1-3 minutes) [228]. 
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1.5 Applications of Monolithic Columns in CEC 
 
The capillary electrochromatography (CEC) technique related to both HPLC and CE.  It 
is different from HPLC, while in HPLC the liquid is pumping through a column by 
exerting pressure at one ends leads to a parabolic flow profile,  in CEC the flow is 
driven by electroosmotic (EOF) and as a result, a plug flow is generated leading to 
sharper peaks [229].  The stationary phase plays a dual role in CEC, it provides sites for 
the required interactions with analytes and it also drives EOF [230].  Neutral 
compounds in CEC are separated based on the differences in partitioning of the sample 
components between the mobile and the stationary phases.  However, with charged 
species, the differences in electrophoretic mobility of components contribute to the 
separation mechanism [231].  Because of the dual role which the stationary phase plays 
to provide a chromatographic selectivity and as well as to generate EOF, the monolithic 
column could be very important in CEC [232]. 
 
One advantage of monolithic columns is there are no frits in their preparation.  The 
major problems related to the use of packed columns in CEC are bubble formation due 
to frits, which causes current breakdown and stops the mobile phase flow.  The effect of 
the frits has been observed [89, 233, 234] and found to have side effects during 
analysis:  
 
 increase in backpressures during micro-LC analysis 
 gas–bubble formation during CEC analysis 
 column-to-column reproducibility problems 
 increased fragility of capillaries 
 poor column performance due to disturbance of the structure in the separation 
medium. 
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However, bubble formation can be overcome by using a pressurised capillary 
electrochromatography (pCEC) system.  The pCEC system is a powerful separation 
system in which a mobile phase is driven by both a pressurised flow and an 
electroosmotic flow (EOF) [235, 236]. 
 
Several applications exist in the literature review on CEC using monolithic columns 
[30, 72].  The majority of monoliths used in CEC separations are purely organic, 
mostly prepared from methacrylate monomers [46, 237, 238].  A neutral octadecyl 
monolithic (ODM) column for RP capillary electrochromatography (RP-CEC) was 
prepared by the in-situ polymerisation of octadecyl acrylate (ODA) as the monomer 
and trimethylopropanetrimethacrylate (TRIM) as the crosslinker, in a ternary porogenic 
solvent containing cyclohexanol, ethylene glycol, and water [239].  The performance of 
this column was investigated with various kinds of neutral solutes and a wide range of 
polarity such as polyaromatic hydrocarbons (PAHs), phenols, different pesticides and 
metabolites including carbamate pesticides and herbicides.  The ODM column is also 
used for the separation of peptides and proteins [239]. 
 
Yurtsever et al. [240] designed a new fluorinated monolithic column for CEC and 
considered as an alternative material for polymer-based monoliths.  A fluorinated 
monolithic stationary phase poly(TFEM-co-EDMA) was first prepared using 2,2,2-
trifluoroethylmethacrylate (TFEM) and ethylene dimethacrylate (EDMA) monomers 
and was successfully used in the separation of alkylbenzenes and phenols.  The results 
showed that the poly(TFEM-co-EDMA) exhibited a stable retention behaviour for the 
separation of alkylbenzenes in CEC. 
 
However, the presence of charged functionalities on the surface of the separation media 
is required in CEC in order to generate the electroosmotic flow, which drives the 
mobile phase through the column [21].  Horvath et al. [241] prepared a N, N-
dimethyloctylamine substituted styrene-based monolith for CEC analysis.  This gave a 
positively charged surface area, which would generate an EOF and was used for the 
reversed phase separation of basic and acidic peptides [114, 242].   
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A polymer monolithic column prepared from three monomers, styrene, divinylbenzene, 
and vinylbenzenesulphonic acid was used for the separation of parabens using 5 mM 
phosphate buffer at pH 3 and 45:55 ACN/H2O in high separation efficiency [243].  
Separation of parabens were also achieved using a poly(styrene-divinylebenzene-
methacrylic acid) column [244]. 
 
Svec [21] reported a column efficiency of up to 150,000 plates/m for small molecules 
such as alkylbenzene in CEC with a monolithic polymer column.  Polymer monoliths 
such as PS-DVB monoliths are less attractive in CEC [245].  However, the alkylated 
poy(styrene-divinylbenzene) monolithic columns formed by Friedel-Crafts alkylation 
(FC) and monoliths with surface alkylation by grafting the surface with methacrylate 
(GR) were used in the separation of four phenolic acids and compared with unmodified 
PS-DVB monolith (UM) (Fig. 1.8) [185].  The four phenolic acids were well separated 
on alkylated poly(styrene-divinylebenzene) monolithic columns but no separation of 
phenolic acids was achieved using UM or GR columns.  The efficiency of these 
columns were compared and found to be higher under voltage-driven (CEC) than 
pressure-driven technique (HPLC) (Fig. 1.9), using a phosphate buffer as the mobile 
phase and thiourea as non-retained marker compound.  The plate height, H in CEC is 
independent of the linear flow velocity which means rapid separation can be obtained 
without loss of efficiency or resolution [185].  The same group of scientists studied the 
electoosmotic mobility (µEOF) on these columns.  They found that the (µEOF) was 
independent of pH range from (2.5-9.5); however, it decreased when pH was 
decreasing below these values [246].  With a higher pH, all three phases exhibit similar 
profile of electroosmotic behaviour, despite their different surface properties.  
However, both UM and FC phases generated negative electroosmotic at low pH 
conditions.  The (µEOF) of -2.4 × 10
-4
 cm
2
/Vs was observed on UM monolith with the 
change of the direction of the flow between pH (2.5-3.5) and -0.76 × 10
-4
 cm
2
/Vs on FC 
but between pH (3.5-4.5). 
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Fig. 1.8  Electrohromatographic separation of phenolic acids obtained with PS-DVB monoliths, (A) UM 
column, (B) FC column, column (100 µm I.D., 25/33.5 cm); 5 mM phosphate buffer, pH 2.5; 
applied volatege, 29 KV; electrokinetic injection, 3s,-5 KV, detection: UV (214 nm); sample: 
(1) thiorea (2) gallic acid, (3) vanillic acid, (4) syringic acid, and (5) ferulic acid (0.1 mg/ml 
each in buffer) [185]. 
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Fig. 1.9 Van Deemter plots for volatage-driven (CEC) and pressure-driven (µ-HPLC) conditions with 
(A) UM column, (B) FC column, and (C) GR column. H-hight equivalent to theoretical plate, u-
linear flow velocity of the mobile phase (5 mM sodium phosphate buffer, pH 7.5); detection, 
UV (214 nm); sample: thiorea (0.1 mg/ml); electrokinetic injection, 3s, 5 KV, column (100 µm 
I.D., 25/33.5 cm) [185]. 
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Silica-base monoliths have an advantage because the silanol groups can support the 
EOF [229].  Hayes and Malik [89] prepared a sol-gel with TMOS as a precursor 
suitable for the separation of PAHs, aromatic aldehydes and ketones.  Zare et al. [247] 
studied the separation of a mixture of neutral aromatic and non-aromatic organic 
compounds using a sol-gel with TEOS as precursor.  On the other hand, Tanaka and co-
workers [248] used a silica monolithic column prepared with TMOS as the monomer 
for the analysis of alkylbenzenes.  The separation of PAHs was also obtained using 
monolithic silica xerogel column prepared by potassium silicate solution with 
formamide using sol-gel method.  The efficiency of this column was 28000 plates per 
meter at 25 KV with a pressure of 40 psi on the column inlet [249]. 
 
However, some applications, such as basic compounds, the stationary phase needs 
functionalisation as well as the hydrophobic chain to offer better resolution with 
reversed-phase (RP) interaction [250].  In order to increase the EOF as well as to 
provide electrostatic interaction sites for charged solutes, there are several ways of 
surface modification on the stationary phase either by using charge monomer, or 
modified the surface of the stationary phase such as silica monolithic stationary phase 
functionalized with 3-(2-aminoethylamino)propyl ligands [251] or by coating the 
stationary dynamically [252].  For example, 1-butyl-3-methylimidazolelium 
tetrafluoroborate ([BMIM][BF4]) was introduces as dynamic coating of a silica 
monolithic column (DCSM) for capillary electrochromatography of phenols and 
nucleoside monophosphate.  When DCSM column was compared to dynamic coating 
fused-silica (DCFS) column and unmodified silica monolithic (USM) column, the 
performance of DCSM was much better.  Both the dynamic coating and free [BMIM] 
groups in the bulk solution influence the retention process and exhibit good resolution 
[252]. 
The efficiency of monolithic column in CEC is much greater than in HPLC [248].  A 
monolithic silica column showed a column efficiency of 6-8000 plates/25 cm at a very 
low-pressure drop in a pressure driven mode, and up to 30,000 theoretical plates in 
CEC. 
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1.6 Advantages and Disadvantages of Monoliths 
 
a) Advantages.  Monolithic stationary phase provides high efficiency with high 
permeability.  This then allow fast separation using high flow rates, most commonly 1-
5 ml/min with 4.6 mm I.D. silica monolithic columns.  As a consequence, low column 
back pressure and high-throughput analysis can be obtained.  Hence, fast separation of 
food additives, forensic samples and biological samples can be achieved [253].  
Monolithic stationary phases are prepared by in-situ polymerisation in different format.  
For example, the disk format is a useful monolithic stationary phase, in that several 
disks of different chemistry can be inserted into a cartridge simultaneously.  This 
technique would be difficult to apply with traditional columns [254].  Monolithic 
columns have no frits in their preparation which is one of the advantages of using this 
stationary phase in CEC technique.  Finally, the technology of the preparation of 
monolithic column can be easily carried out in the laboratory without requiring 
complicated equipment.  Moreover, a long column is easier to prepare because it is 
prepared by in-situ and does not have to be packed [52].  Another special feature in the 
preparation of monoliths is the ability to control the macro and meso pore sizes 
independently as for silica-based columns or simultaneously as with polymeric-based 
columns [29]. 
 
b) Disadvantages.  Polymeric monolithic stationary phases are, known to swell in 
organic solvents.  The preparation of polymeric monoliths generally leads to 
micropores, which are not good for the analysis of small molecules.  This can affect the 
efficiency and the peak symmetry of the column.  The low column capacity is another 
disadvantage which can be related to their low specific area [60].  On the other hand, 
the silica monolithic stationary phase has tendency to shrink during the sol-gel process.  
Column-to-column reproducibility is one of the major problems in monolithic columns, 
because they can only be produced one column at a time.  Furthermore, the 
homogeneity of the porous silica structure as well as the radial homogeneity is 
unsatisfactory.  Most LC applications of capillary silica monoliths are for small 
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molecules, whereas organic monolithic capillary columns are more broadly used to 
separate biological and synthetic macromolecules [44]. 
 
Overall, highly crosslinked polystyrene divinylbenzene (PS-DVB) has been claimed to 
be more suitable for the separation of polar solutes when compared to bonded silica 
sorbents.  This has been attributed to the presence of the aromatic polymeric structure 
of the PS-DVB resin which can effectively react with aromatic analytes [255, 256].  
The use of PS-DVB has also many advantages when compared to conventional silica 
columns.  This includes the stability towards strong alkaline or acidic pH [14, 73] and 
the ability to withstand high temperature [257, 258].  
 
 
1.7 Chromatographic Methods for Nitro-Compounds 
 
Nitro-compounds used in the manufacture of explosives, their structure, extraction 
methods from their matrix samples and separation methods are reviewed as a 
background to the proposed applications to be studied in this project. 
 
Nitro-compounds, which are used in the manufacture of organic explosives, can be 
divided into three groups: [259, 260] nitro aromatic, nitrate esters, and the nitramines.  
Their role is to provide an internal source of oxygen and energy so that the explosive 
reaction is not limited by the availability of atmospheric oxygen for combustion [261]. 
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The nitroaromatics include nitrobenzene (NB), 1,3-dinitrobenzene (1,3-DNB), 1,4-
dinitrobenzene (1,4-DNB), 2-nitrotoluene (2-NT), 3-nitrotoluene (3-NT), 4-nitrotoluene 
(4-NT), 1,3-dinitrotoluene (1,3-DNT) 2,4 dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene 
(2,6-DNT) and 2,4,6 trinitrotoluene (2,4,6-TNT) (Fig. 1.10). 
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Fig. 1.10  TNT (2,4,6 trinitrotoluene) 
 
The nitrate esters contain the C-O-NO2 functional group and include pentaerythritol 
tetranitrate (PETN) (Fig. 1.11), ethylenglycol dinitrate (EGDN), nitroglycerine (NG) 
and esters of polysaccarides nitrocellulose (NC). 
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Fig. 1.11  PETN (pentaertthritol tetranitrate) 
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The nitramines are characterized by the presence of an N-NO2 group and are 
exemplified by 1,3,5-trinitro-1,3,5-triazine (RDX) (Cyclonite, Fig. 1.12).  RDX is one 
of the most common types of explosives used in mixtures with other explosives, oils or 
waxes.  1,3,5,7-Tetranitro-1,3,5,7-tetrazocine is a by-product of RDX called HMX. 
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Fig. 1.12  RDX (cyclonite) 
 
 
The nitro functional group, which is present in the structure of most of these explosives, 
is important because it is a group which can be selectively or specifically detected 
during any analytical process. 
 
The reported instrumental methods of analysis include gas chromatography (GC), infra-
red spectroscopy (IR), high performance liquid chromatography (HPLC), liquid 
chromatography-mass spectrometry (LC-MS), and capillary electrophoresis (CE).  In 
addition, ion scan mobility (ISM), colour tests, and thin layer chromatography (TLC) 
are used as screening or presumptive tests [260, 262]. 
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1.8 Sample Preparation of Explosive Samples 
 
The testing of bulk explosives is primarily a safety issue as the nitroaromatic 
compounds are present at high levels.  However, there has been considerable interest in 
the determination of trace levels.  Because of their forensic importance indicating the 
handling of explosives, including gunshots, as an indication of concealed explosives, or 
to determine the nature of the explosive which has caused an explosion.  These assays 
normally require a degree of sample preparation and concentration and a number of 
techniques have been employed some of which can be time consuming [263]. 
1.8.1 Liquid-Liquid Extraction (LLE) 
 
The technique of liquid-liquid extraction remains the most commonly used method of 
sample preparation to concentrate analytes from bulk aqueous solution but has many 
disadvantages.  It uses a suitable solvent to extract the explosive from water, which 
often results in an emulsion [264].  To reduce the problem of emulsion, a homogenous 
liquid-liquid extraction (HLLE) method was utilised for the extraction of 
mononitrotoluenes (NTs) from waste water samples [265].  In their method the authors 
used NaCl mixed with the sample and the extraction solvent, and then the mixture was 
centrifuged for 3 min at 3000 rpm to collect the organic phase for analysis. 
 
Another disadvantage of LLE is that the recovery of explosives by this method is low, 
different analytes may require different extraction methods and it can take a long time 
to be completed.  For example, the extraction yield of NTs such as 2,4-DNT, 2,6-DNT 
and 2,4,6-TNT by toluene from wastewater differed for each compound.  2,4,6-TNT is 
hardly extracted by toluene compared to the other two compounds [266].  As a result, 
the extractable priority of these compounds by toluene is in the order: 2,6-DNT > 2,4-
DNT > 2,4,6-TNT. 
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1.8.2 Solid Phase Extraction (SPE) 
 
Solid phase extraction (SPE) was introduced in the early 1970s and started to be used 
widely from the mid 1980s [267].  The most commonly used material for SPE is 
chemically bonded silica, usually with a C8 or C18 substituent or a polymeric resin, 
usually porous polystyrene [267].  SPE is defined as “a method of sample preparation 
that concentrates and purifies analytes from solution by sorption onto a disposable 
solid-phase cartridge, followed by elution of the analyte with solvent appropriate for 
instrumental analysis” [268]. 
 
The SPE technique has been successfully used for the extraction of aromatic 
explosives, resulting in improved detection limits and eliminating difficulties caused by 
sample matrices, such as seawater [269].  For example, Jenkins et al. [270] studied the 
extraction of explosives with poly(styrene-divinylbenzene) and divinylbenzene-
vinylpyrrolidone copolymer resin (Porapak R) cartridges.  Bouvier and Oehrle 
examined [271] the usefulness of off-line SPE of aqueous samples from using a 
cartridge packed with a resin (Porapak RDX), and then analysed the sample by HPLC.  
The limit of detection for their method was reported to be 0.1 µg/l for TNT. 
 
On the other hand, Harvey and Clauss studied [272] the same SPE material as an on-
line trap with an HPLC column.  The on-line transfer of analyte to an HPLC column 
has significant advantages and requires smaller amount samples and provides a faster 
analysis time.  Renner et al. [273] utilised an on-line SPE LiChrolut EN cartridge for 
the extraction of TNT.  The limit of detection was 0.07 µg/l.  The SPE system in both 
methods reported comparable detection limits for the analysis of TNT explosives.  
Recent work by Tachon and co-workers [274] studied the extraction of explosives 
using SPE with different sorbent for three different groups of explosive compounds: 
nitroaromatic, nitramines, and nitrate ester compounds.  The authors found polymeric 
sorbents achieved better results than ODS bonded silica materials for the extraction of 
explosive compounds. 
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1.8.3 Solid Phase Microextraction (SPME) 
 
Solid phase micro extraction based on a coated fibre is a simple and sensitive solvent-
free extraction technique.  This technique has been used in the extraction of post-
explosion debris, such as aromatic nitro-compounds (C-NO2), nitramine compounds 
(N-NO2), and nitrate esters (C-O-NO2) [275]. 
 
Different coated materials could be used in the extraction of explosives.  100 µm 
polydimethylsiloxane (PDMS) fibers were used for the analysis of semi-volatile 
compounds such as nitrobenzene and dinitrobenzene [276].  Calderara and co-workers 
[277] studied four different fibers, 100 µm film thickness PDMS, 75 µm film thickness 
partially crosslinked Carboxen polydimethylsiloxane (CAR/PDMS) and a 85 µm film 
thickness polyacrylate (PA) fiber for the extraction of different groups of explosives.  
The most selective fiber for the extraction of most organic explosives from the aqueous 
residues was PDMS/DVB.  Rivera et al. [278] found similar results for nitroaromatic 
compounds.  Furton et al. [279] also reported the use of different fibers for the 
extraction of explosive compounds.  Gaurav et al. [263] reviewed the whole range of 
fibers for different applications.  SPME technique was also useful in the extraction of 
two main nitramine explosives, octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 
and hexahydro-1,3,5-tinitro-1,3,5-triazine (RDX) from soil sample and followed the 
analysis by HPLC-UV technique [280]. 
 
Solid phase micro extraction is mainly coupled with gas chromatography SPME/GS.  
Therefore, the desorption temperature is as important as the adsorption temperature of 
these phases.  The phases which were mentioned earlier showed good adsorption 
properties but they have limited desorption temperatures usually only up to 250 °C.  An 
SPME fiber coated with poly (phthalazine ether sulfone ketone) (PPESK) was 
developed [281] which can be used for higher desorption temperature up to 290 °C.  
This fibre was used for the extraction of nitroaromatic compounds and showed 
excellent thermal stability. 
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1.8.4 Single-Drop Microextraction (SDME) 
 
In this method a single micro drop of a solvent at the tip of a gas chromatography 
microsyringe needle or PTFE rod is used as the extraction medium.  Like the SPME 
fiber, the analytes diffuse into the droplet that is exposed into the vial of aqueous 
sample over a period of time and then the drop is transferred to the injection port of a 
GC system [282].  Psillakis et al. [283] applied this technique to the extraction of 
nitroaromatic explosives from water samples.  However, when the extraction of 
nitroaromatic explosives using SDME and SPME were compared [284] the precision 
and sensitivity of the results differed.  The SPME technique was found to be better than 
SDME. 
 
1.8.5 Passive Sampling Devices (PSDs) 
 
Passive sampling is based on passive diffusion of a compound of interest from the 
sample to a collecting membrane [285].  In PSDs C18 particles are used in a 
polyethylene bag as a membrane to concentrate the sample.  This technique was used 
by Zhang and co-worker [286] for the extraction of the explosive metabolites, 
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3,5-trinitroso-
1,3,5-triazine (TNX), and the two major RDX (hexahydro-1,3,5-trinitro-1,3,5- 
triazacyclohexane) metabolites in soils.  Under anaerobic conditions in the presence of 
bacteria, RDX can be reduced to MNX and TNX. 
 
 
1.8 6 Supercritical Fluid Extraction (SFE) 
 
A supercritical fluid is often used in sample preparation because the fluid is easily 
removed from the sample matrix after extraction [287].  The most widely used solvent 
is supercritical carbon dioxide because it is inexpensive, non-flammable, 
environmentally friendly and non-toxic [288].  Deuster et al. [289] used supercritical 
CO2 fluid for the extraction of nitroaromatic compounds from soil.  Batlle and co-
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workers [290] also examined the extraction of nitroaromatic compounds in soil.  The 
method used consists of hyphenation of several techniques: SPE to collect the analytes, 
extraction of the sorbed analytes by tertiary solvent toluene/methyl tert-butyl ether 
modified SFE and analysis of the extract by large-volume injection GC with 
nitrogen/phosphorous detector.  The extraction of explosive compounds using on-line 
coupling SFE with HPLC was also evaluated by Batlle and co-workers [291, 292]. 
 
 
1.9 Separation Methods 
1.9.1 Gas Chromatography (GC) 
 
In order to separate a sample of an explosive, the sample should reach in a vapour state 
to be carried along with a carrier gas.  Most vapour detection methods have been 
examined for materials with relatively high vapour pressure, such as TNT and DNT.  
Many detectors can be used for explosive materials in GC including 
chemiluminescence [293], electron capture detector (ECD) [294], thermal energy 
analyzer (TEA) [295], nitrogen-phosphorous detector (NPD) [290] and mass 
spectrometry detector (MS) [296-298]. 
 
Different groups of explosive compounds were studied using GC-MS with temperature 
programming with sensitivies at the picogram levels [299].  Sigman et al. [300] studied 
the trace analysis of a mixture of nitroaromatic, nitramine, and nitrate ester explosives 
from a PTFE wipe using GC-ECD.  Waddell and co-workers [301] also used GC-ECD 
for the analysis of nitroaromatic and nitramines from a PTFE wipe. 
 
ECD detector was reported to be the most widely used detector for the detection of 
nitroaromatics.  Walsh [294] studied the performance of this detector for the analysis of 
explosives residues in soils.  The author found that the sensitivity of ECD was low for 
the by-products of 2,4-DNT and DNB compared to the by-products of TNT.  With the 
GC analysis of explosives, the injection port temperature is very important because 
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some organic explosives such as nitrate esters can be difficult due to their thermal 
instability and they can be degraded by small increases in energy [260].  The optimal 
injection temperature to minimise analyte degradation was 170 ºC reported by Kolla 
[302]. 
 
1.9.2 High Performance Liquid Chromatography (HPLC) 
 
High-performance liquid chromatography (HPLC) has been reported to be a better 
choice for the more unstable, semi-volatile and polar explosives [303].  Several 
detection techniques have been coupled to HPLC instrument, including ultraviolet (UV) 
absorbance and mass spectrometry (MS) [304-307]. 
 
Felt and co-workers [308] analysed very low levels of explosive residues in water, soil 
and sediment matrices using a UV detector.  The Environmental Protection Agency 
(EPA) method 8330 [309] also analysed trace levels of explosives residues in a water, 
soil, and sediment matrix using UV detector. 
 
HPLC with photodiode-array was used for the determination of nitroaromatic and 
nitramine explosives [310].  Paull et al. [193] used a Chromolith column to examine 11 
explosive compounds by HPLC with photodiode array using both isocratic and gradient 
elution.  Most of explosive compounds were resolved except for the isomers of the 
DNTs.  Different methods for the analysis of explosives by HPLC have been reviewed 
by Gauray and co-workers [311]. 
 
 
1.9.3 Liquid Chromatography-Mass Spectrometry LC-MS 
 
The use of LC-MS and LC-MS-MS has increased in recent years, as the technique 
plays a larger role in analytical investigations [312].  This stems from the use of the two 
main ionisation techniques, electrospray (ES) and atmospheric pressure chemical 
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ionisation (APCI) which can provide both (+ve) and (–ve) ionisation modes.  
Significant development and improvements in the instrumentation design of LC-MS 
have occurred.  Particularly the recent availability of the robust user-friendly bench top 
ionization interfaces.  ESI is the preferential technique for compounds, which are 
ionized in solution.  It is also excellent for highly polar compounds, which can be easily 
ionized.  Usually most nitrogen-containing explosive are easily ionised to a negative 
ion due to the strong electron affinity of the nitro group [313].  Nitrate ester and 
nitramine compounds were detected as adduct ions using both APCI and ESI [312, 
314]. 
 
There are several applications of ESI to the analysis of explosives.  The nitramine 
compound; octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) was examined by 
LC-ESI-MS as adduct ions using different additives, such as formic acid, acetic acid, 
ammonium chloride and sodium nitrate [315].  A mixture of three groups; 
nitroaromatic, nitrate ester and nitramine; (TNT, EGDN, NG, PETN. RDX and HMX) 
were analysed by LC-ESI-MS as adduct ions, using ammonium chloride, ammonium 
formate, and ammonium nitrate [316]. 
 
The analysis of nitroaromatic compounds was studied and their different 
fragmentations using ESI-MS-MS in multiple reaction monitoring (MRM) mode [317].  
Nitroaromatic group of explosive compounds and their metabolites were studied and 
quantified using LC-ESI-MS-MS using MRM mode.  The authors found after studying 
various measuring modes, that MRM offered the most selective and sensitive detection 
mode of LC-MS-MS for the related compounds [318]. 
 
In APCI source, explosive residues were analysed by LC-APCI-MS and the spectra 
were added to a library of explosives [313, 319].  Three groups of nitro-compounds 
were analysed by LC-APCI-MS; nitroaromatics, nitrate esters and nitramine, which 
were extracted from soil samples [320].  A mixture of 16 explosive compounds from 
three groups; nitroaromatic, nitrate ester and nitramine were analysed by LC-APCI-MS.  
The authors reported that the LC-APCI-MS method showed good performance in terms 
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of selectivity, sensitivity, and robustness for the analysis of explosive compounds 
[321]. 
 
1.9.4 Capillary Electrophoresis (CE) 
 
Capillary electrophoresis is a useful tool for the analysis of anions and cations from 
explosives and post-blast explosive debris, such as benzoate and monomethylamine 
[322-325].  The cations of interest are the salts of potassium (K
+
), ammonium (NH4
+
), 
monomethylamine (MMA), strontium (Sr
++
) and calcium (Ca
++
).  They can be 
separated from inorganic explosives, such as black powder and ammonium nitrate-fuel 
oil mixtures (ANFO) [326].  However, nitroaromatic and other nitrated organic 
explosives are neutral, so they cannot be separated directly using conventional CE.  
Pumera separated [327] explosives using micellar electrokinetic chromatographic 
(MEKC).  Several studies on the analysis of explosive compounds have been reported 
using MEKC with different detection methods [328-332].  Oehrle [333] used the 
MEKC technique for the separation of the 14 nitroaromatic and nitramine explosives.  
In his work, detection limit of less than 0.8 mg/ml were achieved. 
 
However, the main disadvantage of the MEKC technique is that it gives less 
reproducible migration times and peak areas than HPLC [334].  Researchers have also 
examined alternative technique derived from CE.  Microchip-based CE can offer high 
sensitivity with short analysis time for the separation of explosives [335] and have the 
potential advantage of portability. 
 
Wang et al. [336, 337] examined the separation of nitroaromatic explosive compounds 
based on microchip and Mathies et al. [338, 339] used microchips for the detection of 
2,4,6-trinitrotoluene (2,4,6-TNT).  This technique has been reviewed by Pumera [327] 
[340].  Piccin and his co-workers [341] reported recently the use of microchip 
electrophoresis with electrochemical detection (CE-EC) for the separation of four 
nitrate esters: ethylene glycol dinitrate (EGDN), propylene glycol dinitrate (PGDN), 
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nitroglycerin (NG), and pentaerythritol tetranitrate (PETN).  The four nitrate ester 
explosives were separated within less than 3 minutes. 
 
 
1.9.5 Capillary Electrochromatography (CEC) 
 
CEC is a microcolumn separation technique that combines the advantages of HPLC and 
CE and has been used to separate 14 nitroaromatic and nitramine explosive compounds 
in under 7 minutes [342].  Giordano and co-workers [335] prepared a silica sol-gel from 
methyltrimethoxysilane (TMOS) in a capillary and used it for the separation of 
nitroaromatic explosives.  Subsequently, Giordano and his group [343] also used a 
methyl-and ethyl-trimethoxysilane so-gel in a microchip formate for the separation of 
nitroaromatics and nitramines. 
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1.10 Present Study  
 
The main aim of the present research was to investigate the advantages of using 
microscale columns, in particular, monolithic columns for the determination and 
identification of explosive materials.  The use of capillary columns has advantages over 
conventional 4.6 mm I.D. columns because smaller sample amounts can be injected 
especially if trace amounts have to be analysed and the sensitivity is higher.  
Furthermore, the combination of monoliths with capillary columns should yield a high 
separation efficiency and high permeability with high-throughput. 
 
 
This work will be focus on PS-DVB monoliths in particular for the first time in the 
analysis of nitro-compounds.  Surface modification by grafting to form covalently 
bonded groups on the polymer structure with a suitable material to suit the desired 
analysis improved the separations.  The advantages of polymer PS-DVB monoliths is 
easy to prepare in the laboratory and as well as the modification of their surfaces. 
 
 
The speed of analysis is becoming increasingly important in many areas.  Increasing the 
sample throughput and reducing in the cost of analysis can be achieved by reducing the 
separation time.  Hence, monolithic columns have the ability to run many samples a 
day, which is the advantage for forensic application.  The intention was to fabricate PS-
DVB monolithic columns of small diameter and to investigate this stationary phase for 
the separation of small molecules (nitroaromatic compounds).  Commercial columns 
such as Chromolith 3 mm I.D. will also be examined for the separation of nitro-
compounds and as a possible link to an LC-MS system. 
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Chapter 2 
 
Experimental 
 
2.1 Materials and Reagents 
2.1.1 General 
 
Fused silica capillaries (FSC) of internal diameters 100 µm and 50 µm and with an 
outside diameter of 375 µm, polyether-ether ketone (PEEK) tube (orange) I.D. 0.50 
mm, O.D. 1/16” and polytetrafluoroethylene (PTFE) tube I.D. 0.25 mm, O.D. 1/16” 
were purchased from Composite Metal Services Ltd. (The Chase Hallow, Worcs).  
Polyethylene microtubing, fingertight fittings, high-pressure union fittings for 1/16" 
tubing, flow splitter and polymeric tubing cutter were purchased from VWR (Magna 
Park, Leicestershire).  Chromolith Performance RP18 ( 100 × 3 mm) and (100 × 4.6 
mm) columns were purchased from Merck (Darmstadt).  ODS column 3µ HyPURITY 
column (100 × 4.6 mm) was purchased from ThermoHypersil, (Runcorm, Cheshire).  
Ace 5-phenyl column (150 × 4.6 mm) was purchased from Advanced Chromatography 
Technologies (ACT), (Aberdeen, Scotland).  PolymerX RP1 PS-DVB 3µ column (150 
× 4.0 mm) was purchased from Phenomenex, (Macclesfield, Cheshire). 
  
The water used for the preparation of all the solutions was purified to 18.2 MΩ using an 
ELASTAT, MAXIMA, ultra pure water, (High Wycombe) purification system.  The 
water used in CEC for the preparation of all the solutions was purified to 18.2 MΩ 
using a Milli-Q, ultra pure water, purification system, from Millipore, France.  
Acetonitrile, methanol and tetrahydrofuran were of HPLC grade and were supplied by 
Sigma and Fisher-Scientific (Loughborough, UK). 
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2.1.2 Buffers and Mobile Phases 
 
Disodium hydrogen phosphate (Na2HPO4), sodium tetraborate (Na2B4O7) and sodium 
dodecyl sulphate (SDS) were purchased from Sigma-Aldrich, Germany.  The pH was 
adjusted using either 0.1 M phosphoric acid, 0.01 M boric acid, 0.1 M hydrochloric 
acid or 0.1 M sodium hydroxide solutions. 
 
25 mM pH 9.2 Phosphate buffer was prepared by dissolving 0.887 g of Na2HPO4 in 250 
ml water and adjusted the pH with 0.1 M hydrochloric acid. 
 
5 mM pH 7.0 Phosphate buffer was prepared by dissolving 0.177 g of Na2HPO4 in 250 
ml water and adjusted the pH with 0.1 M phosphoric acid. 
 
4 mM pH 7.0 Phosphate buffer was prepared by dissolving 0.142 g of Na2HPO4 and 
0.072 g of SDS in 250 ml water and adjusted the pH with 0.1 M phosphoric acid. 
 
5 mM pH 7.0 Borax buffer was prepared by dissolving 0.25 g of Na2B4O7 in 250 ml 
water and adjusted the pH with 0.01 M boric acid. 
 
2.1.3 Analytical Samples 
 
Anisole 99% and thiourea 99% were purchased from Lancaster Eastgate, Morecambe.  
Dimethyl phthalate 99% was supplied by Fisons (Loughborough, UK).  Diethyl 
phthalate 99%, dipropyl phthalate 99% and dibutyl phthalate 99% were purchased from 
Sigma-Aldrich (Gillingham).  Nitrobenzene 99%, 1,3-dinitrobenzene were from BDH 
Chemicals Ltd, Poole.  2,4-Dinitrotoluene 97% and 3,4-dinitrotoluene were from Koch-
Light, Colnbrook.  2-Nitroaniline 99%, 2,4-dinitrotoluene 97%, 1,4-dinitrobenzene 
98%, were supplied by Fluka (Sigma-Aldrich) and Fisher-Scientific (Loughborough, 
UK).  4-Nitrobenzyl alcohol 99% was purchased from Acros Organics (Loughborough, 
Leicestershire) and phenol was from Fisons, Loughborough. 
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All samples were prepared in methanol to give a concentration of 50 µg/ml from a 
stock solution of 1 mg/ml. 
 
Six explosive calibration standards at 1000 µg/ml were used in this study; 1,3-
dinitrobenzene solution, 2,4-dinitrotoluene solution, nitrobenzene solution, 1,3,5-
trinitrobenzene solution (TNB), 2,4,6-trinitrotoluene solution (TNT), 2-amino-4,6-
dinitrotoluene and EPA 8330 mix A, which consists of the six explosives, each 
component 100 µg/ml; all these explosives were supplied by (Sigma-Aldrich, 
Germany).  Further dilutions were made into mobile phase.  Commercial explosives 
samples; pentaerythritol tetranitrate (PETN), Semtex 1H and P9 were donated by Royal 
Oman Police from Oman.  Explosives reference standards were prepared from stock 
solutions with a concentration of 1000 ng/µl in methanol.  Further dilutions were made 
in the concentration range of 1-200 ng/µl. 
 
Serial dilutions were further prepared in methanol in order to produce a calibration 
curve to determine the limit of detection (LOD).  A secondary stock solution of 5 ng/µl 
in methanol was used to make the following concentrations; 1, 5, 10, 50, 100, 500, and 
1000 (pg/µl). 
 
Commercial explosives samples, such as P9 and Semtex 1H, were prepared in methanol 
at a concentration of 1000 ng/µl.  The extraction was stirred for one hour at 0 °C (in an 
ice bath) then sonicated for 15 minutes. 
 
2.1.4 Chemicals Used for the Preparation of Monolithic Columns 
 
All chemicals used for the preparation of PS-DVB monolithic column; styrene 99%, 
divinylbenzene 80%, 3-(trimethoxysilyl)propylmethacrylate 98%, decanol 98%, 
azobisisobutyronitrile (AIBN), methacrylic acid 99%, tetramethoxysilane (TMOS) 
99%, poly (ethylene glycol) 10,000 Mw and octadecyltrichlorosilane (ODS) 90% were 
purchased from Fisher-Scientific (Loughborough, UK).  200 mM benzyl methacrylate 
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polymer (mean 15 units) was synthesised in the laboratory (personal communication 
from Anna Nordborg and Knut Irgum). 
2.2 Instrumentation 
 
HPLC experiments were performed on HPLC 1050 (HP) with Model 757 UV detector 
(Applied Biosystems, Foster City, CA, USA) with 13-µl-flow cell or a 1.2-µl-flow cell.  
A Chromjet integrator (Thermo Separation Product, San Jose, CA, USA) was used for 
data collection.  The injection valve Model 7410 (Rheodyne, Cotati, CA, USA) with a 
fixed 0.5 µl injection loop was used.  The column was thermostated using Shimadzu 
CTO-6A oven, (Shimadzu Corporation, Japan). 
 
The micro-HPLC system, consisting of a LC-10AD VP liquid chromatography with 
SPD-10A VP detector and 35 nl flow cell (Shimadzu, Japan).  Thermo Separation 
Products; auto-sampler, (SP Spectra Series AS 100, San Jose, CA, USA) was used.  
The injection loop was made from 8 cm length of 50 µm I.D. and 375 O.D. fused silica 
tubing which gives a volume of 175 nl.  For all HPLC methods data was collected 
using Clarity software (DataApex, Prague, The Czech Republic). 
 
Surface area and porosity measurement on solid materials were measured using the 
technique of nitrogen gas adsorption on a Micromeritics Tristar 3000 with Smart Prep 
065 (Micromeritics Instruments Corp., Norcross, GA, USA).  Micromeritics AutoPore 
1V 9500 series (Norcross, USA) was also used for measuring porosity by mercury 
intrusion porosimetry (MIP).  Scanning electron microscopy images were obtained 
using JEOL JSM-5600LV low vacuum SEM (Tokyo, Japan) and 360IXP microscope 
(Cambridge Scientific Instrument, Cambridge, UK) equipped with LaB6 electron 
emittor. 
 
CEC experiment was done on either a CE Beckman P/ACE system 2050 (High 
Wycombe, UK) with UV detector at 214 nm and 254 nm or HP
3D
 CE model (Agilent 
Technologies, Waldbronn, Germany) with diode array detector.  System Gold Software 
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version 8.0 was used for data collection on 2050 system and ChemStation software 
(Rev.A.9.01. Agilent) was used for the data collection on HP instrument.  A detection 
window of 2 mm was made by using a heating filament device, CE capillary burner 3.0 
from (Electro-Kinetic Technologies, Leeds, UK) with Capital Analytical burner 
filament (2 mm).   
 
LC-MS was carried out using high performance liquid chromatography coupled to a 
Tandem Quadruple mass spectrometer.  The instrumentation consisted of a Waters 
1525 (Waters Corp., Milford, USA), binary solvent delivery system, connected to a 717 
Plus autosampler (Waters Corp, Milford, USA) which delivered the mobile phase 
through a Chromolith (Merck, Darmstadt) performance RP-18 endcapped (100 mm × 3 
mm) column, which was held at 40 °C, into a Quattro Ultima Pt tandem quadruple 
mass spectrometer (Waters Corp., Milford, USA).  The data was collected using 
MassLynx V 4.0. 
 
 
2.3 Preparation of Monolithic Columns 
2.3.1 Silanisation of Capillaries 
 
A fused silica capillary of (300 mm × 100 µm I.D.) was etched first using either E1 or 
E2 as an etching method (Table 2.1) then silanised using either SM1 or SM2 (Table 
2.2) and a capillary of (320 mm × 250 µm I.D.) was etched using E3 method and 
silanised using SM3 method see (Table 2.1 and 2.2).  Before keeping the capillary 
inside the oven, the capillary ends were closed with septa.  After silanisation of the 250 
µm I.D. capillary, it was cut into small columns, 8 cm in length ready for 
polymerisation. 
 
 
 
 
Chapter 2                                                                                                       Experimental 
 71 
Table 2.1  The Etching Procedure 
 
Etching 
Procedure 
NaOH 
(M) 
Temp. 
(°C) 
Time 
(min) 
HCl 
flushing 
Water 
rinse (min) 
Drying conditions 
(min) 
Reference 
E1 1 50 1440 NO 30 
N2 gas at RT, 30 
min 
[183] 
E2 1 30 30 
0.1 M, 30 
min 
30 
N2 gas at RT, 30 
min 
[344] 
E3 1 120 180 NO 
10, then 10 
acetone 
N2 gas at RT, 10 
min, then oven at 
120 °C, 1h 
[14] 
 
Table 2.2  The Silanisation Procedure  
 
Silanisation 
Procedure 
Solvent 
(µl) 
γ-MAPS 
(µl) 
Acetic 
acid 
(6M) 
Temp. 
(°C) 
Time 
(h) 
Solvent 
rinse (min) 
Drying with 
N2 gas (h) 
Reference 
SM1 - 40 10 ml 60 20 H2O, 30 1 [183] 
SM2 
500 
MeOH 
500 - 30 24 MeOH, 30 1 [345] 
SM3 
10 
Toluene 
90 - RT 2 Toluene, 30 1 [64] 
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2.3.2 Methods for Polymerisation 
2.3.2.1 Polymer-Based Monolithic Mixture 1 
 
The polymerisation mixture containing 5 µl styrene, 5 µl divinylbenzene, 13 µl 
decanol, 0.25 mg AIBN (initiator) and 2 µl THF [183] was mixed thoroughly then 
sonicated for 10 min to remove air bubbles.  A silanised capillary from silanisation 
method 1 was loaded with the polymerisation mixture using a plastic syringe, and then 
placed in the oven at 60 ºC for 20 hours.  Subsequently, 2 cm was cut from each end of 
the capillary and the remaining 23 cm length, was connected with a piece of PEEK 
sleeve, a finger tight fitting and unions ready to use in HPLC analysis and for CE 
analysis.  Before analysis the capillary was washed thoroughly with acetonitrile at a 
flow rate of 50 µl/min for 1 hour [14]. 
 
2.3.2.2 Polymer-Based Monolithic Mixture 2 
 
The polymerisation mixture containing 0.5 g styrene, 0.5 g divinylbenzene, 10 mg of 
AIBN initiator, 1.5 g of porogenic solvents consisting of 15% THF and 85% decanol 
was mixed thoroughly then sonicated for 10 min and purged with nitrogen gas for 5 
min to remove air bubbles [159].  The silanised capillary from silanisation method 3 
was loaded with the polymerisation mixture by capillary action; (Fig. 2.1) sealed with 
septa at both ends and placed in the oven at 70 ºC for 24 hours.  The capillary was 
washed with methanol for an hour to remove the porogenic solvents.  If appropriate the 
stationary phase was functionalised by using a mixture of 2 mg of AIBN and 15 unit 
polymer of benzyl methacrylate and kept in the oven temperature at 80 °C for 15 hours 
(personal communication from Anna Nordborg and Knut Irgum).  Before analysis the 
capillary was washed thoroughly with methanol at a flow rate of 50 µl/min for 1 hour 
[14]. 
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2.3.2.3 Polymer-Based Monolithic Mixture 3 
 
The polymerisation mixture containing 10% styrene, 20% divinylbenzene and 10% 
methacrylic acid with 1% of AIBN initiator, 60% of toluene was mixed thoroughly then 
sonicated for 15 min and purged with nitrogen gas for 5 min to remove air bubbles 
[346].  The silanised capillary from silanisation method 1 was loaded with the 
polymerisation mixture using a plastic syringe; sealed with septa at both ends and 
placed in the oven at 70 ºC for 24 hours.  The capillary was washed with methanol for 
an hour to remove the porogenic solvents.  This column was prepared for CEC 
experiment. 
 
2.3.2.4 Polymer-Based Monolithic Mixture 4 
 
The polymerisation mixture containing 5 µl styrene, 5 µl divinylbenzene, 13 µl 
decanol, 0.25 mg AIBN (initiator) and 2 µl THF [183] was mixed thoroughly then 
sonicated for 10 min to remove air bubbles.  A silanised capillary from silanisation 
method 1 was loaded with the polymerisation mixture using a plastic syringe, sealed 
with septa at both ends and then placed in the oven at 70 ºC for 22 hours.  The column 
was flushed with acetonitrile to remove porogenic solvents then dried with N2 gas for 
one hour.  The capillary then was filled with N,N-dimethylbutylamine, and heated at 70 
°C for 30 min.  This column was prepared for CEC experiment. 
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Fig. 2.1  Polymerisation method 2 (a) shows the capillary action, (b) the stationary phase removed from 
the capillary, (c) the capillary inside the PEEK fingertights with the sleeve on both ends for 
HPLC technique and (d) the two zones of the capillary: the packed zone (25 cm) and the 
unpacked zone (9 cm) with 2 mm detection window, joined by the PEEK connector used in 
CEC technique. 
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2.3.2.5 Silica-Based Monolithic Mixture 1 
 
Poly(ethylene glycol) 0.212 g Mm = 10,000 was dissolved in 2 ml of 0.01 M acetic 
acid then 0.8 ml of tetramethoxysilane (TMOS) was added to this solution.  The 
mixture was stirred for 30 min surrounded by a beaker full of ice to keep the 
temperature at 0 ºC [77]. 
 
A fused silica capillary (100 µm i.d.  20 cm) was treated with 1M NaOH and kept 
inside the oven at 40 ºC for 3 hours.  The capillary was washed with water for 30 min.  
The polymer mixture was inserted inside the capillary and sealed with septa at both 
ends then kept inside the oven at 40 ºC overnight (16 hours).  The monolithic silica that 
formed was washed with water for 30 min using an HPLC pump.  The capillary was 
treated with 0.01M NH4OH and kept inside the oven at 120 ºC for 3 hours (this process 
was repeated three times).  The monolithic silica was washed with 60% ethanol for 30 
min using HPLC pump.  The silica column was dried by heat treatment inside a GC 
oven at 330 ºC for 25 hours by ramping the temperature at a rate of 2.5ºC/min from 
30ºC (2 min hold time) to 180ºC (60 min hold time), then again ramped at 2.5ºC/min to 
a final temperature of 330ºC (held for 21 hours) [347].  The silica rod inside the 
capillary was reacted with (30% ODS (octadecyltrichlorosilane) in toluene) and kept 
inside the oven at 60 ºC for 3 hours.  One cm length of both ends of the prepared 
capillary were cut off before the column was flushed with the mobile phase, thus an 18 
cm length was remained.  The capillary was washed with toluene to remove unbound 
material using a syringe, then with the excess of the mobile phase of 20% ACN/H2O 
using HPLC pump. 
 
2.3.2.6 Silica-Based Monolithic Mixture 2 
 
A fused-silica capillary of 100 µm I.D. and 375 µm O.D. was first treated with 1 N 
NaOH solution at 40 °C for 3 hour.  Then, the capillary was washed with water and 
followed with acetone.  A mixture of tetramethoxysilane (TMOS) (4 ml), poly(ethylene 
glygol) (PEG) (1.24 g), and urea (0.9 g) in 0.01 M acetic acid (10 ml) was stirred in an 
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ice-bath for 30 min.  Then, the treated capillary was filled with the mixture and allowed 
to react at 30 °C overnight.  Then, the temperature was raised to 120 °C and the 
capillary was held at this temperature for 3 hours.  After that, the capillary was washed 
with water and followed with methanol.  The capillary then was treated at 330 °C for 
15 hours.  The surface of the capillary was modified by a mixture of 1:4 ODS 
(octadecyltrichlorosilane) in toluene and kept at 60 °C for 3 hours [348]. 
 
2.4 Determination of Porosity 
2.4.1 Nitrogen Gas Adsorption 
 
The bulk material, which was prepared during the preparation of monolithic columns, 
was used for measuring the surface area using Micromeritics Tristar 3000.  The bulk 
monolithic material was dried and the porogenic solvents removed before measuring 
the porosity.  First, the solid material was cut into small pieces using a razor blade.  
Second, the small pieces were put for Soxhlet extraction for 24 hours with 
tetrahydrofuran solvent to remove the porogenic solvent.  The solvent-free pieces were 
dried in an oven at 80 °C for one hour and the sample was degassed at 120 °C for 2 
hours in the first stage of the analysis with N2 adsorption method to remove any 
contaminants present in the sample. 
 
2.4.2 Mercury Porosimetry 
 
To perform the analysis with mercury intrusion porosimetry using Micromeritics 
AutoPore 1V 9500, the same sample was taken after the nitrogen adsorption method 
and loaded into a special glass tube called penetrometer.  The penetrometer was sealed 
and placed in a low pressure port and started to be filled with mercury.  Then, the 
penetrometer was moved to the higher pressure chamber where mercury intrudes into 
the pores of the sample as the pressure on the filled penetrometer increases.  Data were 
collected using the low and high pressure measurements. 
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2.5.1 HPLC Methods 
 
Commercial columns and prepared monolithic columns, both PS-DVB and silica-
based, were tested by different methods on nitroaromatic compounds using 
conventional HPLC with UV detector.  Different mobile phases were used prepared by 
v/v, ranging from 20-50% organic-water.  The organic solvents used were methanol, 
acetonitrile, and tetrahydrofuran.  These columns were evaluated at different 
temperatures.  The injection volume was 1 µl and desired flow rate was applied using 
split flow device for conventional HPLC which were between 20-40μl/min.  PS-DVB 
functionalised with benzyl methacrylate was used to separate nitroaromatic compounds 
using 50% ACN/H2O at 4μl/min on µ-HPLC at room temperature.  
 
 
2.5.2 CEC Methods 
 
CEC experiments were carried out using two different instruments; CE Beckman 
P/ACE system with UV detector and HP
3D
 CE model with diode array detector.  
Different mobile phases ranging from 5-25mM of phosphate or borax buffer at pH 7.0 
and 9.2 with 20-80% v/v acetonitrile were used.  Applied voltages were in the range of 
15-30 KV.  Pressure was at 10 bar for inlet pressure only with pCEC method.  Cassette 
temperature was 40 °C. 
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2.5.3 LC-MS Methods 
2.5.3.1 MS Method Optimisation 
 
Optimisation of nitro-compounds was carried out in ESI and APCI in positive and 
negative ionisation mode (Table 2.3). 
 
Table 2.3  Conditions employed for LC-MS for the analysis of nitro-compounds. 
 
Instrument Parameters ESI (+ve) ESI (-ve) APCI (-ve) 
Capillary voltage (KV) 3.2 2.5 N/A 
Cone voltage (KV) 35 35 35 
Corona voltage (KV) N/A N/A 5.2 
RF Lens 90 60 30 
Source temperature (°C) 120 120 140 
Desolvation temperature (°C) 300 300 650 
LM 1 Resolution* 15 15 15 
HM 1 Resolution* 15 15 15 
Ion energy 0.7 1 1 
Entrance 1.0 2.0 50 
Collision 3 8 3 
Exit 0 0 50 
LM 2 Resolution* 15 15 15 
HM 2 Resolution* 15 15 15 
Ion energy 0.7 0.7 1 
Multiplier (v) 650 650 650 
Collision cell pressure (mbar) 3.20e
-3
 2.70e
-3
 OFF 
 
LM + HM (both 1+2) are low mass and high mass which are set to give a resolution of 0.7 amu peak 
width at half height. 
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2.5.3.2 LC-MS Conditions 
 
Different LC-conditions were optimized using various flow rates ranging from 0.2-0.8 
ml/min.  Under gradient elution, solvents (A) and (B) of different mixture were used.  
Additives such as formic acid, ammonium formate and ammonium acetate were used 
appropriately (Tables 2.4-2.7). 
 
Table 2.4  LC gradient conditions for ESI in positive ionization mode, solvent A is water mixed with 
0.1% formic acid, solvent B is methanol mixed with 0.1% formic acid. 
 
 
Time A% B% Flow 
0.00 95.0 5.00 0.60 
1.00 95.0 5.00 0.60 
3.00 5.00 95.0 0.60 
5.00 5.00 95.0 0.60 
5.20 95.0 5.00 0.60 
 
 
Table 2.5  LC gradient conditions for ESI in negative ionization mode, solvent A is water mixed with 
0.1% formic acid, solvent B is methanol mixed with 0.1% formic acid. 
 
 
Time A% B% Flow 
0.00 95.0 5.00 0.60 
0.50 95.0 5.00 0.60 
2.00 5.00 95.0 0.60 
4.00 5.00 95.0 0.60 
4.20 95.0 5.00 0.60 
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Table 2.6 LC gradient conditions for ESI and APCI (-v), solvent A is a mixture of ammonium   acetate 
5mM and acetonitrile (70:30, v/v), solvent B is a mixture of acetonitrile and isopropanol (40:60, v/v).  
This condition was adapted from [312]. 
 
 
Time A% B% Flow 
0.00 90.0 10.0 0.2 
2.00 88.0 12.0 0.2 
14.00 40.0 60.0 0.2 
44.00 10.0 90.0 0.2 
45.00 90.0 10.0 0.2 
 
 
 
Table 2.7 LC gradient conditions for ESI and APCI (-v), solvent A is a mixture of ammonium formate 
1mM and acetonitrile (70:30,v/v), solvent B is a mixture of acetonitrile and isopropanol (40:60,v/v).  
 
 
Time A% B% Flow 
0.00 98.0 2.0 0.8 
3.00 98.0 2.0 0.8 
8.00 50.0 50.0 0.8 
10.00 50.0 50.0 0.8 
10.10 98.0 2.0 0.8 
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Chapter 3 
 
Preparation of PS-DVB and Silica Capillary Monoliths 
 
3.1 Introduction 
 
The main focus in this chapter was to use the previously reported methods for the 
preparation of PS-DVB monoliths and apply these to the creation of columns which 
could be applied to the separation of small molecules. 
 
The intention was to optimise the composition of the polymerisation components to 
create a suitable column for the separation of nitro-compounds.  The scope was 
subsequently extended to functionalised PS-DVB columns using benzyl methacrylate 
which have not previously been used in the analysis of nitro-compounds.  The columns 
will then be used for the separation of nitroaromatic compounds in HPLC and CEC 
experiments. 
 
In order to separate the nitro-compounds, a series of polymeric-based monolithic 
columns of 100 µm and 250 µm I.D., primarily poly(styrene-divinylbenzene) and 
silica-based were therefore prepared.  The first studies focussed on columns with 
internal diameters of 100 µm because it was thought by Cristina and co-workers [183] 
that as the column internal diameter decreased the sensitivity of the separation would 
increase.  These diameters of capillary columns were examined in order to enhance 
efficiency, ensure sensitivity with small samples, and minimize the use of organic 
solvent.  Several compositions of monomers and a variety of porogen solvents were 
examined.  The effects of cross linking agents, column preparation temperature and the 
duration of the polymerization were investigated.  Additionally, functionalised PS-
DVB monolithic columns were also prepared. 
 
The different stages in the preparation of polymer and silica monolithic capillary 
columns were investigated.  Firstly, the treatment of the wall of the capillary column 
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was examined.  Next, the polymerisation material was selected by researching the 
suitability of different monomers.  In addition, the properties and composition of the 
porogen were crucial.  Hence, there was a need for a series of experiments using a 
combination of different monomers and porogen. 
 
3.1.1 Wall Coating Treatment 
 
There are challenges to the successful adhesion of the polymer filling to the wall of the 
capillary [4]; so firstly, the method for the treatment of the capillary wall was optimised 
to give better linkage, by activation of the surface.  An allyl linker was then loading 
onto the wall. 
 
This pre-treatment of the wall of the capillary column is a very important step prior to 
the polymerisation process [56].  Based on one of the methods reported by Courtoise 
[14] the capillary was etched using 0.1 M NaOH at 120 °C to create free silanols so that 
the polymer could be anchored to the surface of the capillary.  As the procedure was 
carried out it was observed on certain occasions that the NaOH solution contained 
particles, which blocked the capillary.  This might be from the dissociation of NaOH 
solid in water and precipitation of metal ions (Na
+
) due to the storage of sodium 
hydroxide for a long period of time or reaction with carbon dioxide from the air to form 
carbonates.  Therefore, if this was noted a fresh solution of NaOH was prepared.  It was 
also found to be necessary to regularly monitor „the fingertight‟ connector at the end of 
the column, for any particles that might block the capillary before washing. 
 
The surface has to be silanised with allyl groups [56] (Fig. 3.1) so that the polymer can 
be anchored to the surface of the capillary.  In order to do this the activated column was 
dried for 30 minutes by passing N2 gas and was then filled with 3-
(trimethoxysilyl)propylmethacrylate (γ-MAPS) in 6 M acetic acid.  The filled capillary 
was sealed with septa and kept in an oven at 60 °C for 20 hours.  After silanisation, the 
capillary was washed with water for 30 min and flushed with acetone for 30 min and 
then nitrogen gas was used to dry the capillary for 1 hour and before polymerisation 
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steps to ensure the capillary was completely dry.  The capillary was scrutinised 
carefully under a microscope to confirm and check the completion of the drying 
process as if there is any thing left it would show as droplets. 
 
 
 
Fig. 3.1  Modification of capillary wall with γ-MAPS [56]. 
 
 
 
3.1.2 Methods for Polymerisation of Monoliths 
 
In order to obtain a column with the optimum column polymer composition and 
porosity different monomer combinations of styrene, divinylbenzene, chloromethyl 
styrene, methacrylic acid and tetramethoxysilane along with a range of different 
porogenic solvents such as tetrahydrofuran, decanol, toluene, propanol and 
cyclohexanol and different polymerisation conditions were examined.  For comparison 
a silica monolith was prepared using tetramethoxysilane (TMOS) and poly(ethylene 
glycol) using the method of Tanaka and co-workers [77]. 
 
Firstly, three methods were examined for filling the capillary tubing with the 
polymerisation mixture: 
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The first method of filling the capillary (100 µm I.D.  30 cm) with the polymer 
mixture used a syringe.  The syringe was connected to the capillary column through 
fingertight fittings and the polymerisation mixture was forced through carefully.  The 
columns produced by this procedure were not successful, as it appeared that using such 
a technique resulted in the creation of several gaps within the stationary phase.  This 
could have been due to the fact that air bubbles are formed during the introduction of 
the mixture and became trapped inside the capillary.  This meant that the stationary 
phase was not uniform.  Another disadvantage of using this method comes from the 
need to remove any polymer residues from the fingertight fittings prior to reusing them.  
Should any residues remain, they become an obstacle to filling the capillary 
successfully. 
 
A dramatic improvement in the preparation of monolithic columns inside capillaries 
was obtained when the polymerisation mixture was introduced into the capillary (250 
µm I.D.  7 cm) by capillary action, as seen in (Fig. 2.1 Section 2.3.2.2).  This method 
avoids using a syringe and fingertight fittings.  This successful technique was acquired 
during a visit to Umea University in Sweden. 
 
The pressure system of an CE instrument was also utilised in column preparation to 
flush the capillary (100 µm I.D.  35 cm) with NaOH or water.  This mode was also 
used to fill the capillary with the silanisation material as the capillary was flushed 
uniformly.  However, this method was only applicable to the etching and silanisation 
stages.  This method could not be used to place the polymerisation material inside the 
capillary as this mixture was more viscous and the applied pressure was too low. 
 
In this study two different I.D. of 100 and 250 µm were introduced.  These diameters 
were chosen to minimize the sample volume and reduce the amount of solvent.  Behnke 
and co-workers [349] also used 100 µm I.D. capillary columns in capillary 
electrochromatography and found them to be mechanically stable.  The wider bore 250 
µm I.D. was examined in order to achieve different retention times with the desired 
compounds and could be operated at higher flow rates.  It was also found in the present 
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study that columns with 250 µm I.D. produced a more stable back-pressure compared 
to 100 µm I.D. columns. 
 
However, in all these methods and before the polymerisation process is initiated, the 
removal of oxygen from the capillary by using nitrogen gas is essential so to avoid 
creating free oxygen radicals which could interfere with the progression of the 
polymerisation process. 
 
Initially PS-DVB monolithic columns were prepared using a mixture of 20% styrene 
and 20% divinylbenzene in binary porogenic solvents, 45% decanol and 15% 
tetrahydrofuran and 0.25 mg of AIBN (azobisisobutyronitrile) initiator in 1 ml of 
polymerisation mixture.  This method was adapted from Legido-Quigley [183] who had 
found it to be successful for the preparation of columns for the separation of phthalates 
(method M1 Table 3.1).  A silanised capillary of 100 µm I.D. was loaded with the 
polymerisation mixture and then placed in the oven at 60 °C for 20 hours.  About 1 cm 
lengths were cut using a diamond cutter from the ends of the capillary and the capillary 
was washed thoroughly with pure acetonitrile for one hour.  These columns exhibited a 
constant back pressure and could be flushed easily. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3                                                 Preparation of PS-DVB and Silica Monoliths 
 86 
                   
 
 
 
T
a
b
le
 3
.1
  
D
if
fe
re
n
t 
co
m
b
in
at
io
n
s 
o
f 
p
o
ly
m
er
 a
n
d
 p
o
ro
g
en
 f
o
r 
th
e 
p
re
p
ar
at
io
n
s 
o
f 
m
o
n
o
li
th
ic
 c
o
lu
m
n
s.
  
S
T
 (
st
y
re
n
e)
, 
D
V
B
 (
d
iv
in
y
lb
en
ze
n
e)
, 
C
M
S
T
 (
ch
lo
ro
m
et
h
y
l 
st
y
re
n
e)
 a
n
d
 M
A
A
 (
m
et
h
ac
ry
li
c 
ac
id
) 
an
d
 p
o
ro
g
en
ic
 s
o
lv
en
ts
 s
u
ch
 a
s:
 T
H
F
 (
te
tr
ah
y
d
ro
fu
ra
n
),
 d
ec
an
o
l,
 t
o
lu
en
e,
 p
ro
p
an
o
l,
 a
n
d
 
cy
cl
o
h
ex
an
o
l 
w
it
h
 p
o
ly
m
er
ic
-b
as
ed
 c
o
lu
m
n
s 
an
d
 T
M
O
S
 (
te
tr
am
et
h
o
x
y
si
la
n
e)
 w
it
h
 P
E
O
 p
o
ly
 (
et
h
y
le
n
e 
g
ly
co
l)
 i
n
 t
h
e 
p
re
p
ar
at
io
n
 o
f 
si
li
ca
-b
as
ed
. 
C
ap
il
la
ri
es
 u
se
d
 w
er
e 
o
f 
1
0
0
 a
n
d
 2
5
0
 µ
m
 I
.D
. 
an
d
 t
h
e 
co
lu
m
n
 l
en
g
th
 w
as
 f
ro
m
 7
-3
4
 c
m
.  
R
ep
li
ca
te
s 
>
5
 
2
 
2
 
1
 
1
 
1
 
1
 
1
 
1
 
2
 
1
 
2
 
2
 
1
 
2
 
1
 
  
P
o
ly
m
er
is
a
ti
o
n
  
ti
m
e 
(h
) 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
2
0
 
1
2
 
1
5
 
1
5
 
2
 
2
0
 
2
0
 
  
O
v
en
/B
a
th
 
te
m
p
 (
°C
) 
6
0
 
6
0
 
6
0
 
6
0
 
6
0
 
6
0
 
6
0
 
7
0
 
6
0
 
6
0
 
8
0
 
6
0
 
6
0
 
9
0
 
6
0
 
7
0
 
  
  
  
P
o
ro
g
en
ic
 S
o
lv
en
ts
 (
6
0
%
 o
f 
to
ta
l)
 
  
 1
5
%
 T
H
F
  
  
  
  
  
  
  
4
5
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 D
ec
an
o
l 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
5
2
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 D
ec
an
o
l 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
5
2
%
 D
ec
an
o
l 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
5
2
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 C
y
cl
o
h
ex
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 C
y
cl
o
h
ex
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 C
y
cl
o
h
ex
an
o
l 
  
  
 8
%
  
T
o
lu
en
e 
  
  
 5
2
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
4
5
%
 D
ec
an
o
l 
  
 1
5
%
 T
H
F
  
  
  
  
  
  
  
4
5
%
 P
ro
p
an
o
l 
  
 1
5
%
 T
H
F
  
  
  
  
  
  
  
4
5
%
 C
y
cl
o
h
ex
an
o
l 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
6
2
%
 D
ec
an
o
l 
  
 6
0
%
 T
o
lu
en
e 
 
  
 6
0
%
 T
o
lu
en
e 
 
  
M
o
n
o
m
er
s 
(4
0
%
 o
f 
to
ta
l)
 
  
  
  
  
2
0
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
0
%
 D
V
B
 
  
  
  
  
2
0
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
0
%
 D
V
B
 
  
  
  
  
1
2
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
8
%
 D
V
B
 
  
  
  
  
1
2
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
8
%
 D
V
B
 
  
  
  
  
1
0
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
3
0
%
 D
V
B
 
  
  
  
  
  
8
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
3
2
%
 D
V
B
 
  
  
  
  
1
5
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
5
%
 D
V
B
 
  
  
  
  
1
5
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
5
%
 D
V
B
 
  
  
  
  
2
0
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
0
%
 D
V
B
 
  
  
  
  
1
2
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
8
%
 D
V
B
 
  
  
  
  
2
0
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
0
%
 D
V
B
 
  
  
  
  
1
2
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
8
%
 D
V
B
 
  
  
  
  
1
2
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
8
%
 D
V
B
 
  
  
  
  
  
9
%
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
2
1
%
 D
V
B
 
  
  
  
  
1
0
%
 S
T
  
  
1
0
%
 M
A
  
  
 2
0
%
 D
V
B
 
  
  
  
  
1
0
%
 S
T
  
  
1
0
%
 M
A
  
  
 2
0
%
 D
V
B
 
  
M
et
h
o
d
 
M
1
 
M
2
 
M
3
 
M
4
 
M
5
 
M
6
 
M
7
 
M
8
 
M
9
 
M
1
0
 
M
1
1
 
M
1
2
 
M
1
3
 
M
1
4
 
M
1
5
 
M
1
6
 
  
                     
Chapter 3                                                 Preparation of PS-DVB and Silica Monoliths 
 87 
 
            
 
 
R
ep
li
ca
te
s 
1
 
1
 
1
 
1
 
3
 
3
 
 
    
2
 
  
P
o
ly
m
er
is
a
ti
o
n
 
ti
m
e 
(h
) 
2
0
 
2
0
 
2
0
 
2
2
 
2
4
 
2
4
 
 
 
  
2
4
 
  
O
v
en
/B
a
th
  
te
m
p
 (
°C
) 
6
0
 
6
0
 
6
0
 
7
0
 
7
0
 
7
0
 
 
  
 
  
*
3
0
-3
3
0
 
  
  
  
 P
o
ro
g
en
ic
 S
o
lv
en
ts
 (
6
0
%
 o
f 
to
ta
l)
 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
  
  
 5
2
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
  
  
4
5
%
 D
ec
an
o
l 
  
 1
5
%
 T
o
lu
en
e 
  
  
  
  
  
4
5
%
 C
y
cl
o
h
ex
an
o
l 
  
  
 8
%
 T
H
F
  
  
  
  
  
  
  
  
  
5
2
%
 D
ec
an
o
l 
  
 1
.5
 g
  
(1
5
%
 T
H
F
  
  
  
8
5
%
 D
ec
an
o
l)
 
  
 1
.5
 g
  
(1
5
%
 T
H
F
  
  
  
8
5
%
 D
ec
an
o
l)
 
 
 
  
0
.2
1
2
 g
 P
E
O
  
  
  
  
  
  
 M
w
 1
0
,0
0
0
 
  
  
  
M
o
n
o
m
er
s 
(4
0
%
 o
f 
to
ta
l)
 
  
  
1
0
%
 S
T
  
  
  
1
0
%
 M
A
  
  
  
2
0
%
 D
V
B
 
  
  
1
0
%
 S
T
  
  
  
1
0
%
 M
A
  
  
  
2
0
%
 D
V
B
 
  
  
1
0
%
 S
T
  
  
  
1
0
%
 M
A
  
  
  
2
0
%
 D
V
B
 
  
  
2
0
%
 C
M
S
T
  
  
  
  
  
  
  
  
  
  
 2
0
%
 D
V
B
 
  
  
0
.5
 g
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
0
.5
 g
 D
V
B
 
  
  
0
.5
 g
 S
T
  
  
  
  
  
  
  
  
  
  
  
  
  
0
.5
 g
 D
V
B
 
      S
il
ic
a-
b
as
ed
  
  
  
  
  
  
  
  
  
0
.8
 m
l 
T
M
O
S
 
 
 
*
 T
em
p
er
a
tu
re
 p
ro
g
ra
m
m
ed
 
M
et
h
o
d
 
M
1
7
 
M
1
8
 
M
1
9
 
M
2
0
 
M
2
1
 (
a)
 
M
2
1
 (
b
) 
      
  
  
 M
2
2
 
   
              
Chapter 3                                                 Preparation of PS-DVB and Silica Monoliths 
 88 
The type of porogen was one of the most important factors to be examined [350] 
because it controlled the porosity of the stationary phase by having large or small pore 
sizes depending on the percentage and type of porogen.  With the aim of obtaining 
columns with different smaller pore sizes that might be more suitable for small 
molecular weight analytes, several columns were made using the same monomers and 
porogenic solvents but employing different proportions of monomers, methods (28% 
DVB, method M3; 30% DVB, method M5; and 32% DVB method M6: Table 3.1).  
Increasing the percentage of DVB with same monomers should increase the extent of 
cross-linking and reduce the pore size.  However, at 30% and 32% DVB cross-linking, 
the capillary column prepared using these methods could not be flushed through with 
solvent suggesting that the through-pores had become too restrictive. 
 
As an alternative different porogenic solvents were examined.  Toluene should provide 
a good aromatic solvent for the polymer reagents, styrene and divinylbenzene, which 
might help to create smaller pore size, when the porogenic solvents were washed away.  
Columns were therefore prepared using 15% toluene with 45% decanol with lower 
percentage of divinylbenzene (20% DVB, method M2 and method M11 and 28 % 
DVB, method M4, Table 3.1) or 8% toluene with 52% decanol and 28% DVB, method 
M10, Table 3.1.  Toluene was also used with cyclohexanol and 20 and 25% DVB 
(methods M7-M9, Table 3.1).  All these methods, except for M2, in which toluene was 
used as porogenic solvent, yielded columns which had a very high back-pressure and 
were difficult to flush the column with the mobile phase.  This could be explained as 
toluene has high density and viscosity with the combination of higher percentages of 
28% DVB cross-linking made the stationary phase too compact and as a result the 
column was difficult to flush through. 
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In contrast, THF has a lower density and viscosity and when it was examined as a 
binary porogenic solvents as in 15% THF with 45% propanol with 28% DVB (M12), 
15% THF with 45% cyclohexanol with 28% DVB (M13) and 15% THF with 45% 
decanol with 28% DVB (M14, Table 3.1), the columns prepared by these methods 
could be flushed.  However, with further washing the stationary phase was washed out 
of the column and more investigation and preparation need to be carried out. 
 
As method M1 (15% THF with 45% decanol and 20% DVB) had been successful after 
several trials it was used as the basis for further studies.  The effect of changing the 
polymerisation temperature to 70 °C (method M8), 80 °C (method M11) and 90 °C 
(method M14, Table 3.1) was studied as it has been reported that an increase in 
temperature should lead to the creation of smaller pores [351].  When the temperature 
was increased, they had found smaller pore sizes were created in the skeleton of the 
polymer material and in doing so they increased surface area of the stationary phase 
which will help during the analysis of nitro-compounds as the column will become 
more retentive.  However, the columns prepared at 80 °C and 90 °C had a very high 
back pressure and were difficult to flush.  It was felt that because the polymerisation 
time was more than two hours, early polymerisation might have occurred before the 
macropores were created.  So the polymerisation time was decreased while the 
temperature was raised to 90 °C from (method M14).  This column could be flushed but 
after several washes, the stationary phase was stripped out of the column as a separated 
rod or thread suggesting that it had not cross linked to the walls. 
 
From these experiments, it was concluded that the preparation of PS-DVB columns 
with 20% styrene and 20% or 28% divinylbenzene using binary porogenic solvents, 
45% decanol and 15% tetrahydrofuran and 0.25 mg of AIBN (azobisisobutyronitrile) as 
initiator at 60-70 °C polymerisation temperature gave the more useful columns.  This 
recipe can then be altered by grafting the surface of the stationary phase and to create 
more surface area. 
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As one of the potential areas of interest for polymeric monomeric columns was in 
capillary electrochromatography [352] in order to support the electroosmotic flow 
charged functionalities are required on the surface of the stationary phase.  A number of 
columns were therefore synthesised using a proportion of monomers which contained a 
functional group, which could then be ionised in the CEC separation.  An acidic hybrid 
column was prepared using consisting of 10% styrene and 20% divinylbenzene with 
10% methacrylic acid using 60% toluene alone (M15 and M16, Table 3.1) or 15% 
toluene with 45% decanol (M18) or 45% cyclohexanol (M19) as the porogen as 
proposed by Xiong [346].  However, these columns could not be flushed due to a very 
high back-pressure. 
 
To create a CEC column with positively charged groups on the surface, a derivatised 
PS-DVB was also made by replacing the styrene with 20% chloromethylstyrene, and 
reacting it with 20% divinylbenzene using 8% THF and 52% decanol as the porogen 
(method M20) which had been proposed by Legido-Quigley [183].  This column was 
then functionalised by reacting the chloro substituents with N,N-dimethylbutylamine.  
These columns could also not be flushed.  The reasons for the column blockages in 
these studies are not clear and more trials are needed to determine the reasons. 
 
Irgum and his co-workers [353] suggested that to achieve the desired stationary phase 
for a particular application the surface of the stationary phase needs to be changed to 
suit the requirement of the analysis and that for small molecules the results were 
improved by grafting alkyl chain onto the surface.  A similar approach was used in the 
formation of C18 bonded PS-DVB column materials produced for conventional HPLC 
[354, 355]. 
 
A study was therefore carried out to prepare a polystyrene column with a non-polar 
group attached to the surface of the stationary phase.  Therefore, a capillary column of 
250 µm I.D. was packed using a mixture containing 0.5 g of styrene and 0.5 g of 
divinylbenzene in 1.5 g of solvent (15% THF and 85% decanol) using 10 mg of AIBN 
as initiator, following the methods of [159].  The column was placed inside the oven at 
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70 °C for 24 hours to achieve cross linking and formation of the monolith.  After 
washing and drying, this column was filled with a mixture of 2 mg of AIBN and benzyl 
methacrylate and kept in the oven temperature at 80 °C for 15 hours (based on a 
personal communication from Anna Nordborg and Knut Irgum) which should 
functionalise the surface with pendant benzyl groups.  The prepared columns (M21, a 
and b, Table 3.1) had a stable back-pressure and could be flushed easily. 
 
 
For comparison purposes a silica monolithic column was prepared using the three steps: 
hydrolysis, condensation, and polymerisation, based on methods reported by Tanaka 
[77] and Hara [348].  TMOS (tetramethoxysilane) was used as a monomer and was 
mixed with poly(ethylene glycol) Mm of 10,000 as a porogen and 0.01 M acetic acid to 
create the basic monolith.  In order to create mesopores, the stationary phase was then 
treated with 0.01 M NH4OH and dried using a gradient temperature in a GC oven 
[347].  The column was then treated with 30% ODS (octadecyltrichlorosilane) in 
toluene to create the ODS stationary phase surface.  However, the procedure for 
making silica-based columns took longer than for polymeric columns.  When the 
column was examined chromatographically, the back-pressure was stable. 
 
 
3.2 Column Evaluation and Testing  
 
Methods 1, 2 and 3 (M1, M2 and M3) on PS-DVB gave stable columns with a low 
back pressure which were examined in more detail.  The other columns prepared with 
high proportions of DVB or at higher temperatures were generally unsuccessful 
because it appears that too much cross linking had occurred and the column lacked a 
macropore structure that would permit a flow of eluent.  In some cases M14 and M22 
the bonding of the monolith on the wall seemed to have failed and the entire column 
material was washed out of the column with the pressure of the eluent as previous 
shown in (Fig. 2.1, Section 2.3.2.2). 
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The PS-DVB monolithic columns prepared using (M21, (a)) both before and after 
undergoing functionalisation with benzyl methacrylate, (M21, (b)) also gave stable 
back-pressure and were also examined in detail. 
 
3.2.1 Physical Structure 
 
Morphologies of number of these columns using these successful methods were then 
examined by scanning electron microscope (SEM) (Fig. 3.2).  The column prepared 
using method M1, Table 3.1 showed the typical bead like structure of a polymeric 
monolith report earlier by Svec [34]. 
 
 
 
  
 
 
 
 
 
 
Fig. 3.2  SEM image of PS-DVB monolith from method (M1) using different scale 20 and 5 µm. 
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The structure (Fig. 3.3) of the PS-DVB stationary phase after functionalisation with 
benzyl methacrylate (column from M21, b Table 3.1) as expected was very similar 
although the individual bead appeared to be smaller.  
 
 
 
 
Fig. 3.3  SEM images of the cross-sectional view of functionalized PS-DVB monolith with benzyl 
methacrylate from method (M21,b) using different scale 20 and 5 µm.  
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3.2.2 Surface Area  
 
In order to evaluate the potential chromatographic behaviour the surface area and 
porosity of the phases were examined.  The surface area of the selected PS-DVB 
monolithic bulk material (prepared using method M21, a) was measured using the BET 
nitrogen adsorption method.  Prior to nitrogen adsorption, this material was dried and 
the porogenic solvent removed.  To remove the porogenic solvent, the bulk material 
was cut into pieces and underwent Soxhlet extraction for 24 hours with THF 
(tetrahydrofuran) solvents.  The pieces were then dried in an oven at 80 °C for one hour 
in order to remove THF.  To ensure that the material was free from solvents and any 
contamination, the pieces were dried completely and then degassed with N2 for two 
hours at 120 °C prior analysis. 
 
During the nitrogen adsorption test, nitrogen gas needs to be in contact with the surface 
of the small particles of PS-DVB polymer.  Pressure (P) was applied from low to 
saturation pressure (Po).  Desorption process started when the pressure was reduced 
(Fig. 3.4).  This value was read from an instrument able to collect data and plot 
graphically a series of points.  The graph showed quantity of gas adsorbed or desorbed 
(Va) is expressed as its volume at standard conditions of temperature and pressure (0 °C 
and 760 torr and signified by STP) (Y) against actual gas pressure p divided by the 
vapour pressure po of the adsorbing gas (p/po) (x). 
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Fig. 3.4  N2 adsorption/desorption isotherm of PS-DVB monolith from (M21,a). 
 
 
The results obtained showed how the adsorption isotherm rises with increasing pressure 
until the relative pressure approaches unity.  Fig. 3.4 revealed that the bulk material 
showed type 2 behaviour in the results curve according to BET (Brunauer, Emmett, and 
Teller) theory [356].  A type 2 curve is the indication of formation of a nonporous 
material or material having large pore size.  The surface area of the bulk material was 
determined to be low at 5.53 m
2
/g which means that it has large-through pores and few 
mesopores.  The poly(styrene-divinylbenzene) monoliths used in HPLC separations 
usually have large through-pores and no small pores [357].  Because these monoliths 
were usually selected to be used for large molecules, apparently they can exhibit a very 
small surface area of 20 m
2
/g or less [357]. 
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The porosity of the same material (prepared using method M21, a) was determined 
using mercury porosimetry which is suitable for the characterisation of large and 
medium sized pores [356].  Firstly, large pores were determined by applying low 
pressure, then small pores by using high pressure.  When the pressure was increased, 
mercury intruded into the small pores of the sample.  The relation between pressure and 
pore size is inversely proportional.  The median pore diameter obtained by this method 
was 1.58 µm.  This value is derived from a formula known as the Washburn equation 
[356].  The results obtained were in agreement with the literature data which reported a 
slightly smaller pore diameter of about 1 µm [38, 108] for the pore structure of a 
continuous PS-DVB rod. 
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3.3 Conclusion 
 
The columns prepared in this work were made from 100 µm and 250 µm I.D. 
capillaries and in different lengths ranging from 7-34 cm.  The shorter columns were 
much easier to prepare because they could be easily filled with the polymer mixture and 
any problems created during the process could be minimized.  Furthermore, shorter 
columns exhibited less back-pressure using HPLC. 
 
However, capillary life was limited after initial use because it appeared that the column 
inlet became blocked during repeated use.  When this happened the capillary needed to 
be cut so it could be flushed again.  This was one of the disadvantages of short 
columns.  The column should always be observed under a microscope to confirm the 
uniformity of the stationary phase.  This was important because it avoided needless 
wastage of columns.  The ends of the capillary should be cut using a diamond cutter 
which shaped a more uniform edge than using usual cutter for capillaries. 
 
It was discovered in some cases that the polymer was not bound to the capillary wall 
even though it was allyl coated, and consequently during analysis the monolithic 
material was washed (stripped) from the capillary and was seen as a fine thread. 
 
Methods (M1-M3) and method (M21, a and b) from polymeric-based PS-DVB gave the 
best results and could be used reliably.  Method (M22) from silica-based also was 
prepared successfully.  However, the majority of columns from methods (M4-M20) 
were not used because they were either blocked or the stationary phase was washed 
away.  The reason for blockage was not clear and needs more investigation. 
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Chapter 4 
 
Separation of Nitroaromatic Compounds on Capillary Monoliths 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.1 Introduction 
 
Monolithic columns were prepared as deacribed in Chapter 3.  These newly designed 
novel columns were then used to evaluate their applicability to the separation of 
nitroaromatic compounds when used with both HPLC and CEC.   
 
The initial studies employed conventional HPLC equipment with the minimum 
pumping rate of 0.01 ml/min.  The flow therefore had to be split using a split flow 
device in order to reach a suitable linear flow rate for a capillary column but was 
probably still greater than the optimum and this could cause peak broadening.  A 
manual injection system with a 0.5 µl loop and a detector with a 1.2 µl capillary flow 
cell were used.  A capillary tube of 100 µm internal diameter was also used as a flow 
cell by connecting it from the outlet of the column to the detector and burning a 
detection window of 2-3 mm.  This should give a smaller flow cell of about 0.24 µl and 
it was thought that this could improve the peak width but no significant improvement 
was observed. 
 
Later studies in Sweden used a system specially designed for capillary columns with a 
35 nl flow cell.  The injection loop was made from 8 cm length of 50 µm I.D. and 375 
O.D. fused silica tubing which gives a volume of 0.157 µl (157 nl).  The following 
Table 4.1 was used as a general guideline.   
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Table 4.1  Monolithic columns prepared examined for their chromatographic properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.2 Analysis of Anisole on PS-DVB Monolithic Columns  
 
The performance of the PS-DVB (100 µm I.D.  230 mm) column 1-a (Table 4.1) was 
evaluated for the separation of anisole and thiourea as a model compound and a void 
volume marker, respectively.  First, the effect of acetonitrile ranging from 15 to 60% as 
a mobile phase for the elution of anisole alone was investigated (Fig. 4.1).  As 
expected, for a reversed phase column, an increase in retention time was observed on 
increasing the percentages of water and consequently the peak width increased.  
 
 
 
 
Column Prepared by method 
(Table 3.1) 
I.D. µm × L mm System 
PS-DVB monoliths 
1-a 
1-b 
1-c 
M1 100 × 230 
100 × 200 
100 × 270 
HPLC 
HPLC 
CEC 
2 M2 100 × 340 pCEC 
3 M3 100 × 200 
 
HPLC 
4 M21 (a) 250 × 70 
 
Micro-
HPLC 
Functionalized PS-DVB monolith 
5 M21 (b) 250 × 70 
 
Micro-
HPLC 
6 M21 (b) 250 × 70 
 
Micro-
HPLC 
Silica-monolith 
7 M22 100 × 180 HPLC 
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Fig.4.1  Relation between the percentages of acetonitrile/water in the mobile phase and the retention time 
of anisole, on PS-DVB monolithic (100 µm × 230 mm) (column 1-a), at flow rate 30 µl/min, 
temp 25 ºC, pressure 78 bar, UV at 210 nm on HPLC. 
 
 
This test was carried out to select appropriate mobile phase conditions and to generate a 
reasonable retention time so that the peaks were not excessively affected by the system 
dead volume.  It was found that 20% of acetonitrile gave a retention time for anisole of 
8.52 min.  However, the peak shape was broad and the peak width at half height was 
3.6 min at room temperature (24 °C) as seen in Table 4.2. 
 
Next, the effect of temperature on the separation of anisole and thiourea was studied as 
temperature provides an effective tool to enhance efficiency in chromatographic 
separations.  The temperature of the column was changed from 24-80 ºC and the mobile 
phase was maintained at the ratio of 20:80 ACN:H2O.  The retention time and peak 
width of anisole were reduced on increasing the temperature, which can be attributed to 
a change in the distribution of the analyte between the mobile phase and stationary 
phase (Table 4.2, Fig. 4.2).  
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Table 4.2  Retention times efficiencies of anisole obtained over a 2 day period at different temperatures. 
 
Temp °C RT (min) 
(day1) 
RT (min) 
(day2) 
Mean  
RT 
Peak wh 
(min) 
Pressure  
bar 
Efficiency 
N 
a
 
24 7.96 8.52 8.24 3.6 87  29 
35 7.40 7.14 7.27 2.8 85  37 
40 7.05 6.92 6.98 2.4 84  46 
45 6.77 6.66 6.71 2.4 83  43 
50 6.50 6.41 6.45 2 81  57 
55 6.21 6.12 6.16 2 80  52 
60 5.99 5.83 5.91 1.6 78  75 
a Measured as 
2
54.5 






h
r
w
t
N  
 
Each peak was characterized by the width at half height.  This width decreased as the 
retention time decreased as seen from Table 4.2.  The width per unit retention time is a 
measure of the efficiency of the chromatographic system.  The best efficiency of 75 for 
the PS-DVB monolithic column (1-a) was obtained when the temperature of the system 
was at 60 °C with peak width at half height of 1.6 min and retention factor of 0.92 (Fig. 
4.2).  When the temperature was further raised (higher than 60 °C) no significant 
changes was observed in peak width or column efficiency.  Under these conditions the 
thiourea peak was sharp suggesting that the extra column dead volume was not very 
high and was not a major contributor to the poor analyte efficiency.  Thus, the 
separation of thiourea and anisole gave reasonable but broad peaks at 60 °C using 
conventional HPLC system. 
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Fig.4.2  Separation of thiourea (1) RT 3.11 min and anisole (2) RT 5.99 min on PS-DVB monolithic 
column 1-a (100 µm × 230 mm), mobile phase: 20:80 ACN at flow rate 55 µl/min, temperature 
60 ºC, pressure 78 bar and wavelength of detection 210 nm on conventional HPLC with a 1.2-
µl-flow cell. 
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4.3 Separation of Nitro-Compounds on PS-DVB Monolithic Columns  
 
After investigating the performance of the PS-DVB monolithic columns with two 
components, an attempt was made to separate a mixture of nitro-compounds containing 
4-nitroaniline (4-NA), 4-nitrobenzyl alcohol (4-NBA), 1,3-dinitrobenzene, (1,3-DNB) 
1,4-dinitrobenzene (1,4-DNB) and 2,4-dinitrotoluene (2,4-DNT) on the monolithic 
columns 1-a and 3 (Table 4.1). 
 
To develop suitable conditions a standard mixture of seven nitro-compounds 4-
nitrobenzyl alcohol (4-NBA), 2-nitroaniline (2-NA), 1,4-dinitrobenzene (1,4-DNB), 
nitrobenzene (NB), 1,3-dinitrobenzene (1,3-DNB), 3,4-dinitrotoluene (3,4-DNT), and 
2,4-dinitrotoluene (2,4-DNT) was first examined on a conventional PolymerX RP1 PS-
DVB packed column (4.0 × 150 mm) using various percentages of ACN:H2O as the 
organic modifier.  A mobile phase of 35:65 ACN:H2O gave a reasonable overall 
retention time of less than 25 min (Fig. 4.3), however, 3,4-DNT and 2,4-DNT 
(compounds 7 and 8) co-eluted.  In addition, 1,3-DNB, 1,4-DNB and NB were not well 
resolved.  The efficiency of the column was 4886 (equivalent to 48859/m), measured 
on 4-NA (peak 3). 
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  Fig. 4.3  Separation of nitro-compounds on PolymerX RP1PS-DVB packed column (4.0 × 150 mm). 
Peaks: (1) thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,3-DNB; (5) 1,4-DNB, (6) NB, (7) 3,4-DNT 
and (8) 2,4-DNT.  Mobile phase 35:65 ACN/H2O, Wavelength at 254 nm; temperature 40 °C; 
injection 1 µl at 0.75 ml/min. 
 
 
Then this mobile phase was tried with column 1-a, which was prepared with 20% of 
DVB cross-linking, all the analytes had effectively the same short retention time of 
about 1.5 min, close to the void volume, when injected either individually or as a 
mixture.  In order to enhance the separation, mobile phases containing progressively 
lower percentages of acetonitrile were then used.  However, no significant 
improvement of the separation was observed until to a mobile phase composition of 
10:90 ACN:H2O.  Though there were differences in retention, roughly the same order 
was observed as on the conventional column for the injection of individual compounds 
(Fig. 4.4).  However, the peaks were very broad and the components would not have 
been resolved as a mixture.  The increasing band broadening with longer retention 
factors suggested that problem was due to the column rather than external factors and 
were probably caused by poor mass transfer. 
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Fig. 4.4  Peaks in the order elution (1) thiourea, (2) 4-nitroaniline, (3) 4-nitrobenzyl alcohol, (4) 1,3-
dinitrobenzene, (5) 1,4-dinitrobenzene and (6) 2,4-dinitrotoluene on PS-DVB monolithic (100 
µm × 200 mm) (column 1-b), mobile phase: 35:65 ACN/H2O or 10:90 ACN/H2O; flow rate 30 
µl/min detection 254 nm; injection 0.5 µl on conventional HPLC and column thermostat at 
temperature 40 °C. 
  
 
Another monolithic column prepared in the same way but with 28% percentage of DVB 
cross-linking (column 3, Table 4.1) was then examined.  This showed an improvement 
in the separation of the nitro-compounds, using 35:65 ACN:H2O.  When thiourea, NB, 
1,4 DNB, and 2,4-DNT were injected individually, each of them had a different 
retention time (Fig. 4.5) and the order corresponded to that on the conventional column.  
Injecting a mixture of the four compounds resulted in two partially resolved peaks (Fig. 
4.6).  The poor separation could be either from the stationary phase as this might not be 
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suitable for small molecules, such as nitroaromatic compounds, or from the system 
which had too much dead volume and was not suitable for use with capillary columns.  
This is less likely as the peaks are broadening the more they are retained which 
suggests a column material problem. 
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Fig. 4.5  Peaks in the order of elution: (1) thiourea, (2) NB, (3) 2,4-DNT and (4) 1,4-DNB on PS-DVB 
monolithic (100 µm × 200 mm) (column 3), mobile phase: 35:65 ACN/H2O and flow rate 30 µl 
detection 254 nm; temperature 40 °C; injection 0.5 µl on a conventional HPLC. 
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Fig. 4.6  Peaks (1) thiourea and peak (2) is a mixture of three compounds NB, 2,4-DNT and 1,4-DNB on 
PS-DVB monolithic (100 µm × 200 mm) (column 3), mobile phase: 35:65 ACN/H2O and flow 
rate 30 µl/min detection 254 nm; temperature 40 °C; injection 0.5 µl on a conventional HPLC. 
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4.4 Separation of Nitro-Compounds on Functionalised PS-DVB Monolithic Using 
Micro-HPLC 
 
The functionalised poly(styrene-divinylbenzene) monolithic columns (5 and 6 Table 
4.1) (250 µm I.D.× 70 mm), which have been suggested are preferable for the 
separation of some applications [353], were evaluated for the separation of the nitro-
compounds, including nitroaniline, nitrobenzene, and 4-nitrotoluene.  The results (Fig. 
4.7) were compared to an unfunctionalised PS-DVB column with the same I.D. 
(column 4).  To improve the separation a micro-HPLC was used for these separations 
with a low flow rate pump and 157 nl injection loop using 35 nl flow cell.  These 
columns are wider than columns 1 and 3 as in previous (Sections 4.2 and 4.3) and had 
been easier to prepare and had a stable back-pressure. 
 
The mobile phase was maintained at 50:50 ACN:H2O, at a flow rate of 4 µl/min and at 
a pressure of 179 bars.  Maintaining mobile phase linear velocity is important.  When 
going from a 4.6 mm to a 250 µm I.D. column the flow rate should be measured by the 
square of the ratios of the column diameter so a new flow rate determined for the 250 
µm I.D. column was 2.95 µl/min which was one unit less than the working flow rate 4 
µl/min suggesting that the void volume here is not very large.  A flow rate faster than 4 
µl/min resulted in poor resolution and might be a reason why the earlier studies 
(Sections 4.2 and 4.3) were not very successful as they would have been run at a 
considerably higher linear flow rate on the HPLC conventional system, especially as 
narrow columns 100 µm were being used.  The nitroaromatic compounds on the 
bonded phase column 5 were better resolved than on unbonded column 4 and the 
separation was slightly shorter but the resolution was very similar suggesting that the 
bonded phase did not have a major effect. 
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Fig. 4.7  Separation of aryl nitro-compounds on (a) unfunctionalised PS-DVB monolithic (250 µm × 70 
mm) (column 4) and (b) functionalised PS-DVB monolithic (column 5) (250 µm × 70 mm), 
Peaks: (1) thiourea, (2) 2-NA, (3) 1,4-DNB, and (4) 4-NT.  Mobile phase 50% ACN/H2O at 
flow rate 4 µl/min.  Detection at 254 nm on micro-HPLC at room temperature. 
 
 
The theoretical plate number for both columns were obtained using the peak width at 
half height using the 4-NT (peak 4) and the results were 95 (1397/m) for the 
unfunctionalised column 4 and 221 (3255/m) for the functionalised column 5.  
However, on both columns there was considerably tailing causing a degree of peak 
overlap and the efficiencies based on the widths are the base would have been much 
lower. 
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Another column (No 6 Table 4.1) from the same batch of the functionalised PS-DVB 
monolith was tested for the analysis of the three aryl nitro-compounds in order to check 
the reproducibility of column preparation.  The results revealed a different performance 
for the separation of the three aryl nitro-compounds (Fig. 4.8) and in this case the 
tailing was much reduced and the peaks had good symmetry.  The four components 
were each baseline resolved. 
 
 
Fig. 4.8  Separation of aryl nitro-compounds on (a) functionalised PS-DVB monolithic (250 µm × 70 
mm) (column 5) from batch (1) and (b) functionalised PS-DVB monolithic (250 µm × 70 mm) 
(column 6) from batch (1).  Peaks: (1) thiourea, (2) 2-NA, (3) 1,4-DNB, and (4) 4-NT.  Mobile 
phase 50:50 ACN/H2O at flow rate 4 µl/min.  Detection at 254 nm on micro-HPLC at room 
temperature. 
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The efficiency for 4-NT were 318 (4675/m) from column 6 slightly higher than 221 
(3255/m) in the previous column 5 from the same batch.  Table 4.3 shows all the 
parameters on the performance of three columns 4, 5 and 6. 
 
 
 
Table 4.3  Poly(styrene-divinylbenzene) monolithic column parameters for un-functionalised and 
functionalised columns (250 µm × 70 mm). 
 
 
 
 
 
 
The efficiency of the unfunctionalised column 4 was also examined using LC-MS 
technique (Fig. 4.9) for the analysis of 3-NT.  The efficiency value 323 (4628/m) was 
also poor but was slightly higher than when using micro-HPLC. 
 
 
 
PS-DVB (un-functionalised) column 4 
Compound RT k As W0.5 N N/m Rs 
Thiourea 1.25 0.00 2.38 0.14 444 6529  
2-NA 1.98 0.66 2.89 0.29 254 3737 1.99 
1,4-DNB 3.56 1.97 1.91 0.55 230 3385 2.20 
4-NT 5.08 3.23 4.42 1.22 95 1397 1.00 
 
PS-DVB functionalised (a) column 5 
Compound RT k As W0.5 N N/m Rs 
Thiourea 1.19 0.00 2.52 0.11 614 9033  
2-NA 2.31 0.93 4.43 0.41 171 2519 2.50 
1,4-DNB 4.28 2.57 3.51 0.46 473 6952 2.63 
4-NT 6.23 4.20 5.38 0.98 221 3255 1.59 
 
PS-DVB functionalised (b) column 6 
Compound RT k As W0.5 N N/m Rs 
Thiourea 1.17 0.00 1.43 0.09 389 5715  
2-NA 2.14 0.82 1.56 0.31 148 2178 2.79 
1,4-DNB 3.93 2.34 1.72 0.37 325 4784 3.07 
4-NT 0.60 3.79 1.36 0.60 318 4675 2.06 
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Fig. 4.9  Analysis of 3 nitrotoluene with unfunctionalised PS-DVB monolithic (250 µm × 70 mm) 
(column 4) , mobile phase ACN/H2O (50:50 v/v) with 1% formic acid at flow rate 5 µl/min on 
LC-ESI-MS at room temperature. 
 
 
As a conclusion from these experiments, using a conventional HPLC system was not 
suitable with the capillary columns as the linear flow rate is too high and is not 
compatible with the optimum flow rate of the column.  Micro-HPLC proved to be a 
better system for capillary columns but the prepared PS-DVB monolithic columns were 
found to be unsuitable for the separation of nitro-compounds.  Column 6 gave 
reasonable separation of three nitro-compounds (2-NA, 1,4-DNB and 4-NT) but could 
not resolve all the nitro-compounds and the column efficiency was poor.  Therefore, it 
was decided to carry out the analysis of nitro-compounds using silica-based monolithic 
columns. 
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4.5 Separation of Nitro-Compounds on ODS Silica Monolith 
 
Before examining the silica-based monolithic column bonded with ODS (column 7 
Table 4.1) (100 µm I.D.  180 mm) for the separation of nitro-compounds; suitable 
conditions were established using a conventional packed column of ODS C18 3 µ 
HyPURITY packed (4.6 × 100 mm).  It was found that a separation of the mixture of 7 
nitroaromatic compounds could be obtained in less that 5 min with 40:60 methanol-
water (Fig. 4.10). 
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Fig. 4.10  Separation of nitro-compounds on conventional silica columns, ODS C18 3 µ HyPURITY 
packed (4.6 × 100 mm) Peaks: (1) thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,4-DNB, (5) NB, (6) 
1,3-DNB, (7) 3,4-DNT and (8) 2,4-DNT. Mobile phase: 40:60 MeOH/H2O; detection 254 
nm; temperature 40 °C; flow 1 ml/min; injection 1 µl. 
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However, when slight weaker eluent of MeOH:H2O 35:75 was examined with the ODS 
silica monolithic column on the conventional HPLC system, the chromatograms (Fig. 
4.11) of the four nitroaromatic compounds: NB, 1,3-DNB, 2,4-DNT and 3,4-DNT, 
suggested that the analytes were effectively unretained.  However, due to the failure of 
stationary phase at that point thiourea could not be examined as a void volume marker 
and no further work was done with this column.  The failure of this column could have 
been from the shrinking or cracking of the monolith in the column.  It has been reported 
[358] in some cases that a sol gel preparation can shrink totally away from the capillary 
wall.  The chromatograms of the nitroaromatic compounds exhibited slight peak tailing.  
However, the efficiency of nitrobenzene on the silica-based monolithic column (100 
µm× 180 mm) N = 138 was higher than on PS-DVB monolithic column (100 µm × 200 
mm) N = 107 using conventional HPLC system. 
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(a) (b) 
  
(c) (d) 
 
Fig. 4.11  Chromatograms of nitro-compounds using ODS silica-base monolithic  (100 µm  180 mm) 
(column 7) at flow rate 10 µl/min, Peaks in the order elution: (a) NB at RT 6.76, (b) 1,3-DNB 
at RT 6.82, (c) 2,4-DNT at RT 7.08, (d) 3,4-DNT at RT 7.21 mobile phase MeOH/H2O 35:75, 
at wavelength 254 nm on conventional HPLC with a 1.2-µl-flow cell. 
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4.6 PS-DVB as a Stationary Phase Using CEC 
 
One potential use of capillary monoliths is for CEC separations as they avoid the need 
for frits to retain the stationary phase as these have been a source of problems [233] but 
the approach should still enable the separation of the neutral aromatic analytes as they 
should be resolved by the hydrophobic interaction with the stationary phase.  However, 
polymeric columns possibly have a problem as there is no surface charge that can 
generate an EOF and any driving force for the migration has to come from the 
connecting capillary walls. 
 
Rather than try to prepare a partially filled column containing an observation window, 
which is technically difficult it was decided to use a composite system which has been 
reported previously for use in CEC.  A PS-DVB monolithic column (100 µm I.D.  270 
mm) (Table 4.1 column 1-c) was linked by a Teflon sleeve to an empty capillary tube 
onto which a 2 mm detector window had been burnt. 
 
The PS-DVB monolithic column was flushed first with acetonitrile to ensure the 
capillary was free from any residue, and then equilibrated using the running buffer for 
one hour on an LC pump to confirm the capillary was completely filled.  The column 
was inspected under a microscope for any bubbles before connecting it onto the CE 
instrument.  The monolithic column was then transferred onto the CE instrument and 
allowed to equilibrate at a separation voltage of 15 KV and the stability of the current 
was monitored.  A mixture of thiourea and nitrobenzene was prepared by dissolving 
them in 20:80 ACN:H2O with 25 mM phosphate buffer at pH 9.2, which was then 
purged with helium gas to ensure the sample was free from air bubbles. 
 
The mixture was electrokinetically injected into the capillary for 2 seconds at a voltage 
of 10 KV.  The separation of thiourea and NB were carried out using a voltage of 15 
KV and the detector was set at 254 nm.  Different phosphate buffers were investigated 
between 10 and 30 mM.  A phosphate buffer of 25 mM was found to produce the most 
stable current.  A very high current was first observed over the range of 50-60 μA, 
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which then dropped down during the analysis to between (10-13 µA) and remained 
stable at this level for 6 minutes (Table 4.4) and then dropped to zero. 
 
Table 4.4  Evaluates the stability of the current at an applied voltage of 15 KV for 6 minutes on a PS-
DVB (100 µm I.D.  27 cm).  Conditions: mobile phase, 20:80 ACN/H2O/25 mM phosphate 
buffer pH 9.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
However, within 6 minutes no peaks of thiourea or NB had appeared.  It was not 
possible to carry on the analysis due to the formation of air bubbles in the column even 
after thorough degassing of the running buffer.  This has been a frequent problem in 
previous studies of CEC with packed capillaries and has been ascribed to a number of 
causes [359]; including current breakdown which stops the mobile phase flow. 
 
From the results after several trials, it was concluded that it was not possible to run the 
analysis without external pressure.  Therefore, the capillary needed an over-pressure for 
the system to run smoothly and this requirement has been observed elsewhere [229]. 
 
 
Applied Voltage 
(KV) 
Run Time 
(min) 
Current Stability  
(μA) 
15 1 11 
15 2 13 
15 3 13 
15 4 11 
15 5 13 
15 6 10 
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4.7 Separation of Nitro-Compound on PS-DVB Monolithic Columns Using 
Pressurised CEC 
 
A pressurized capillary electrochromatograph (p-CEC) system using nitrogen gas was 
then used to suppress the formation of air bubbles.  The PS-DVB capillary (100 µm 
I.D.  340 mm) (column 2) with a detection window of 2 mm on an attached open 
tubular capillary (100 µm I.D.) was used to examine nitrobenzene and thiourea.  
However, this has the potential to contribute to band broadning. 
 
Different inlet capillary pressures ranging from 2-10 bars were tested.  There was no 
significant effect when a low inlet pressure of 2 bar was used.  Increasing the pressure 
was still not enough to improve the system and increase the lifetime until an inlet 
pressure (8 bar) which was found to provide a stable current which was stable 
throughout the analysis. 
 
Various percentages of acetonitrile modifier ranged from 20-80% were tested.  Mobile 
phases with lower proportions of organic solvent give higher currents which are 
agreement with many researchers [53].  A mobile phase of 80% acetonitrile; 20% 5 
mM borax buffer pH 7 produces a stable current of 3-4 µA at 20 KV.  Increasing the 
percentage of acetonitrile to more than 80% (v/v), led to a very low current which 
makes the analysis difficult to carry on.  In contrast, a decrease of acetonitrile for 
example to 20% resulted in an increase of the current up to 24 µA. 
 
After optimizing the conditions, the capillary was completely filled with the running 
buffer of 80:20 ACN:H2O 5 mM borax buffer at pH 7 for one hour on an LC pump.  
The filled monolithic column was then transferred onto the pCE instrument.  To ensure 
the capillary was filled with the mobile phase it was conditioned using running buffer 
under 10 KV applied voltage and 8 bar pressure at the inlet end of the column for 15 
minutes (pre-condition). 
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A mixture of thiourea and nitrobenzene was electrokinetically injected into the capillary 
for 3 seconds at a voltage of 5 KV.  The separation was carried out using a voltage of 
20 KV and detection at 254 nm detection wavelength using a diode array detector.  
After the separation, the capillary was flushed with 80% acetonitrile under 10 KV 
applied voltage and 8 bar pressure at the inlet end of the capillary for 2 minutes 
followed by the running buffer for 3 minutes (post-condition). 
 
When values (20 kV, 40 °C cassette temperature with 5 mM borax buffer and 80% 
acetonitrile at pH 7) in the middle of the tested ranges were selected for the separation 
of thiourea and NB a separation was achieved but the peaks were broad (Fig. 4.12). 
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Fig. 4.12  Separation of thiourea at 0.67 min and (2) NB at 1.18 min on PS-DVB monolithic (100 µm × 
340 mm) (column 2) Leff 25 cm, mobile phase: 5 mM borax buffer pH 7 with 80:20 
ACN/H2O, temperature cassette at 40 °C.  Injected kinetically at 5 kV/3 sec, separation 
voltage was at 20 kV; detection, diode array at 254 nm on pCE. 
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When the diode array spectra of the two compounds were checked, the first peak gave 
the spectrum of thiourea (Fig. 4.13) and the second peak gave spectrum of nitrobenzene 
(Fig. 4.14).  However, the peak shape of the nitrobenzene is poor and much lower than 
that anticipated for CEC. 
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Fig. 4.13  Shows the spectra of thiourea, the three curves represent three different parts of the peak from 
the electrogram; one at the maximum of the peak and one at each side. 
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Fig.4.14  Shows the spectra of nitrobenzene, the three curves represent three different parts of the peak 
from the electrogram; one at the maximum of the peak and one at each side. 
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This is similar to the LC separation earlier and again poor mass transfer may be the 
problem.  It was thought that there might be problems because the PS-DVB monolithic 
column has no ionised groups on the surface to create an EOF and thus a flow rate so 
that effectively the movement of the buffer in the column was essentially pressure 
driven and hence parabolic as in conventional HPLC. 
 
To overcome this problem, with silica based capillaries previous workers have added 
sodium dodecyl sulphate (SDS) at levels ranging from 1 to 5 mM to improve isocratic 
CEC separation and maintain a consistent EOF [342].  Hjerten believed [360] that the 
dodecyl groups of the surfactant interacted with the octadecyl chains of the stationary 
phase, which increases both the density of the interacting hydrophobic moieties at the 
surface as well as the increasing the number of sulfonic acid groups which support the 
EOF.  SDS 1.0 mM was therefore added to the running buffer.  However, the results 
showed no improvement. 
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 4.8 Conclusion 
 
The efficiency and retention of the PS-DVB capillary monolithic columns proved to be 
poor with low molecular weight analytes.  The alkylated PS-DVB monolithic columns 
showed some improvement but lack of efficiency and could not resolved all nitro-
compounds.  The peak shapes were broader than on a silica-based monolithic column 
but the latter showed no resolution. 
 
The use of incorrect HPLC instrument contributed to the poor separation when a 
conventional HPLC system was used but the principal reason appeared to be poor 
column performance. 
 
pCEC could be used as a alternative method for driving the separation but the peaks 
shape were little better. 
 
As a result of this work, it was decided to examine commercial monolithic columns in 
particular silica-based monolithic columns.  Chromolith Performance 3 mm I.D. was a 
new column at the time of the research which if the sample size was limited, could 
potentially give a higher sensitivity than on a 4.6 mm ID column because of its lower 
internal diameter. 
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Chapter 5 
Separation of Nitroaromatic Compounds on 
Chromolith Columns by LC 
 
 5.1 Introduction 
 
The polymer monoliths (PS-DVB) described in the previous Chapter were not suitable 
for small molecules and showed low efficiency, but with more development the 
problems encountered might be overcome.  As ODS bonded silica monolithic columns 
have been reported to be more promising for the separation of small molecules (Chapter 
4, section 4.5), the performance of the Chromolith RP C18 column for the separation of 
nitroaromatic compounds was investigated.  Factors affecting the chromatographic 
separation, such as the effect of mobile phase, flow rate, mobile phase composition, 
column internal diameter, and temperature were investigated.  The aim was to examine 
the new Chromolith RP C18 (3 × 100 mm) column for the separation of nitroaromatic 
compounds. 
 
5.2 Chromolith Columns and Performance 
 
Two commercial columns Chromolith Performance RP C18 (3 × 100 mm) and (4.6 × 
100 mm) columns having the same morphology [27] but only differing in their 
dimensions were evaluated using a standard mixture of thiourea, phenol, diethyl 
phthalate and toluene at the same volume and flow rate using mobile phase 55:45 
MeOH:H2O (Fig. 5.1).  Initially, the flow rate was not adjusted to compensate for the 
column diameter and the retention times were therefore different for the same 
components.  Toluene exhibited a low absorbance at the detection wavelength of 254 
nm. 
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Fig. 5.1  Chromatograms of the test mixture on (a) Chromolith 3 mm I.D. and (b) Chromolith 4.6 I.D. 
(Chromolith performance RP 18 columns). Peaks in the order of elution with mobile phase 
55:45 MeOH/H2O; (1) thiourea, (2) phenol, (3) diethyl phthalate, and (4) toluene; detection at 
254 nm; temperature 40 °C; at flow rate 1 ml/min.  Injection 1 µl.  Images of stationary phases 
from the two column types [27]. 
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However, to effectively compare column performance, the same linear velocities 
should be maintained.  Hence the flow rate for the 3 mm I.D. column was changed to 
0.43 ml/min.  The peak height (40 mAU) for the 3 mm I.D. column was greater than 
that obtained with 4.6 mm I.D. size (25 mAU) (Fig. 5.2).  Since the former column had 
a lower sample capacity than the latter, this result suggested that a smaller diameter 
column (as expected) may provide better sensitivity and lower detection limits for trace 
compounds. 
 
 
Fig. 5.2  Chromatogram of toluene on Chromolith performance RP 18 columns.  Mobile phase 55:45 
MeOH/H2O; 210 nm; temperature 40 °C; flow rates; 1 ml/min for Chromolith 4.6 mm I.D. and 
0.43 ml/min for Chromolith 3.0 mm I.D., injection 1 µl. 
 
 
Furthermore, smaller diameter columns consume less eluent and reduce the amount of 
waste solvent.  However, the toluene peak in the 3 mm I.D. Chromolith column was 
tailing when compared to the 4.6 mm I.D. column.  No obvious explanation could be 
found for this tailing effect but it might be explained as being due a manufacture or a 
cladding problem of the silica-based monolith.  However, this was not apparent from 
the certificate supplied by the manufacture. 
 
 
A
b
s 
(m
A
U
) 
m
A
U
 
-20
0
20
40
60
80
0 2 4 6 8 10
Chromolith (4.6 x 100 mm)
I ml/min
Chromolith (3 x 100 mm)
0.43 ml/min
 
Time (min) 
Chapter 5        Separation of Nitroaromatic Compounds on Chromolith Columns by LC 
 125 
The effect of flow rate on the column efficiency was investigated.  Using MeOH:H2O 
(40:60) as a mobile phase, 2,4-dinitrotoluene (2,4-DNT) was chosen to be the 
representative of the nitro-compounds as it was the most retained compound of the 
mixture (Fig. 4.10).  The heights equivalents to a theoretical plate (HETP) were 
measured (Tables 5.1, 2) and plotted for the Chromolith RP 18 columns of different 
diameter (Fig. 5.3). 
 
 
Fig. 5.3  Plots of plate height (H) for 2,4-DNT versus linear mobile phase flow velocity (u) for Chromolith 
Performance RP 18 columns of different diameters. 
 
 
For the 3 mm I.D. column, a dramatic decrease in efficiency was observed at very low 
flow rates but with an increase in the mobile phase flow velocity the plate height 
remained almost constant.  A relatively flatter curve was observed for the 3 mm I.D. 
column when compared to the 4.6 mm I.D. column.  The result suggested that this 
column may provide slightly higher efficiency at high flow rates compared to the 4.6 mm 
I.D. column. 
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Table 5.1  
Effect of flow rates on efficiency of 2,4-DNT on a Chromolith (4.6 mm I.D. × 100 mm) column 
detection, 254 nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
 Flow rate 
a
 Pressure     t  
b
    
t
Lu 
 c
 N 
d
 N
LH 
 
e
 
(ml/min)  (bar)   (sec)    (mm/sec)  (mm) 
 
0.4   27  209.22       0.4779 7073 0.0141 
0.6   37  153.42       0.6518 9031 0.0110 
0.8   47  116.58       0.8577 9436 0.0105 
1.0   57  94.20       1.0615 8192 0.0122 
1.2   67  79.62       1.2559 8054 0.0124 
1.4   78  69.18       1.4455 6997 0.0142 
1.6   88  61.29       1.6315 6326 0.0158 
1.8   98  55.29       1.8086 5937 0.0168 
2.0   108  50.22       1.9912 5298 0.0188 
2.5   135  41.22       2.4260 4252 0.0235 
3.0   162  35.28       2.8344 3957 0.0252 
3.5   187  31.29       3.1959 3466 0.0288 
 
a    mean flow rate                      
b    time in sec using thiourea                          
c    linear velocity 
d    number of theoretical plates for 10 cm column and measured as 
2
54.5 






h
r
w
t
N  
e    height equivalent to theoretical plate (n =3) 
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Table 5.2 
Effect of flow rates on efficiency of 2,4-DNT on a Chromolith (3 mm I.D. × 100 mm) column detection, 
254 nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
Flow rate 
a
 Pressure             t  
b
           
t
Lu  c   N  d  
N
LH   e 
(ml/min)  (bar)           (sec)         (mm/sec)                      (mm)      
 
0.1 11 482.22 0.2073 1321 0.0757 
0.2 20 197.22 0.5070 6083 0.0164 
0.3 30 140.16 0.7134 8208 0.0121 
0.4 37 97.98 1.0206 8216 0.0121 
0.6 53 66.78 1.4974 7739 0.0129 
0.8 70 51.51 1.9413 7535 0.0132 
1.0 87 42.42 2.3573 7005 0.0142 
1.2 105 36.42 2.7457 6305 0.0158 
1.4 122 31.98 3.1269 5803 0.0172 
1.6 142 28.62 3.4940 5396 0.0185 
1.8 161 26.22 3.8138 5268 0.0189 
2.0 180 24.00 4.1666 4139 0.0241 
 
a    mean flow rate                     
b    time in sec using thiourea                         
c    linear velocity 
d    number of theoretical plates for 10 cm column  
e    height equivalent to theoretical plate (n = 3) 
 
 
From the van Deemter curve, the flow at the minimum of the plot corresponds to the 
optimal flow velocity.  The plate number decreased with increasing flow rate and the 
highest plate number obtained for Chromolith 3 mm I.D. was 8216 (H = 0.0121 mm) at 
a flow rate of 0.4 ml/min (1.0206 mm/sec) and for Chromolith 4.6 mm I.D. was 9436 
(H = 0.0105 mm) at a flow rate of 0.8 ml/min (0.8577 mm/sec) as highlighted in bold 
(Table 5.1 and 5.2).  These findings were similar to results obtained by Nesterenko and 
co-workers [361] and Van de Merbel and co-workers [362] who found N = 7500 at 1 
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ml/min (1 mm/sec) and N = 1500 at 5 ml/min (5 mm/sec) for Chromolith 4.6 mm 
internal diameter. 
 
The efficiency N values were calculated from the peak width at half-height directly 
using the Clarity software.  If these values, were compared with a manual calculation of 
peak width at the baseline then the values would be lower (N = 6510) for 3 mm I.D. 
Chromolith, because of the peak tailing and N = 8236 for 4.6 mm I.D. Chromolith.  
More reproducible plate numbers are obtained fom the width using half-height method.  
Gussian peaks will generate the same plate numbers but in practical terms it is more 
difficult to get similar values from both calculations especially with asymmetric peaks 
on Chromolith 3 mm I.D. with the tangent method as small variation in drawing these 
tangents can result in big differences.   The effect of flow rate on the column efficiency 
was also investigated using MeOH:H2O (40:60) as a mobile phase for NBA, NB and 
1,3-DNB, the most tailing and largest peak.  The height equivalents to a theoretical 
plate (HETP) were measured (Tables 5.3, 5.4 ,5.5) and plotted for the Chromolith RP 
18 columns 3 mm I.D. and (Tables 5.6, 5.7, 5.8) for Chromolith RP 18 column 4.6 mm 
(Fig. 5.4 and 5.5). 
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Table 5.3 
Effect of flow rates on efficiency of NBA on a Chromolith (3 mm I.D. × 100 mm) column detection, 254 
nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
Flow rate 
a
 Pressure             t  
b
           
t
Lu  c   N  d  
N
LH   e 
(ml/min)  (bar)           (sec)         (mm/sec)                      (mm)      
 
0.1 11 482.22 0.2073 2909 0.0343 
0.2 20 197.22 0.5070 3811 0.0262 
0.3 30 140.16 0.7134 3935 0.0254 
0.4 37 97.98 1.0206 4041 0.0247 
0.6 53 66.78 1.4974 4196 0.0238 
0.8 70 51.51 1.9413 4499 0.0222 
1.0 87 42.42 2.3573 4284 0.0233 
1.2 105 36.42 2.7457 4329 0.0231 
1.4 122 31.98 3.1269 4561 0.0219 
1.6 142 28.62 3.4940 4005 0.0249 
1.8 161 26.22 3.8138 4228 0.0236 
2.0 180 24.00 4.1666 4613 0.0216 
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Table 5.4 
Effect of flow rates on efficiency of NB on a Chromolith (3 mm I.D. × 100 mm) column detection, 254 
nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
Flow rate 
a
 Pressure             t  
b
           
t
Lu  c   N  d  
N
LH   e 
(ml/min)  (bar)           (sec)         (mm/sec)                      (mm)      
 
0.1 11 482.22 0.2073 697 0.1434 
0.2 20 197.22 0.5070 5078 0.0196 
0.3 30 140.16 0.7134 6057 0.0165 
0.4 37 97.98 1.0206 6052 0.0165 
0.6 53 66.78 1.4974 6274 0.0159 
0.8 70 51.51 1.9413 6106 0.0163 
1.0 87 42.42 2.3573 6004 0.0166 
1.2 105 36.42 2.7457 5994 0.0166 
1.4 122 31.98 3.1269 5363 0.0186 
1.6 142 28.62 3.4940 5490 0.0182 
1.8 161 26.22 3.8138 5461 0.0183 
2.0 180 24.00 4.1666 4553 0.0219 
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Table 5.5 
Effect of flow rates on efficiency of 1,3-DNT on a Chromolith (3 mm I.D. × 100 mm) column detection, 
254 nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
Flow rate 
a
 Pressure             t  
b
           
t
Lu  c   N  d  
N
LH   e 
(ml/min)  (bar)           (sec)         (mm/sec)                      (mm)      
 
0.1 11 482.22 0.2073 1321 0.0757 
0.2 20 197.22 0.5070 6083 0.0164 
0.3 30 140.16 0.7134 8208 0.0121 
0.4 37 97.98 1.0206 8216 0.0121 
0.6 53 66.78 1.4974 7739 0.0129 
0.8 70 51.51 1.9413 7535 0.0132 
1.0 87 42.42 2.3573 7005 0.0142 
1.2 105 36.42 2.7457 6305 0.0158 
1.4 122 31.98 3.1269 5803 0.0172 
1.6 142 28.62 3.4940 5396 0.0185 
1.8 161 26.22 3.8138 5268 0.0189 
2.0 180 24.00 4.1666 4139 0.0241 
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Fig. 5.4  Plots of plate height (H) versus linear mobile phase flow velocity (u) for Chromolith performance 
RP 18 columns of 3 mm I.D. on NBA, NB and 1,3-DNB. 
 
 
The van Deemter plots for NB and 1,3-DNB on Chromolith 3 mm I.D. at a very low 
flow rate 0.1 ml/min (0.2073 mm/sec) obviously shows a decrease in efficiency.  These 
results were similar to the results obtained earlier with 2,4-DNB.  With NBA, the 
compound which was eluted earlier from the mixture at low flow rate 0.1 ml/min the 
efficiency was not very different as flow rate was increased.  At higher flow rates, the 
efficiency for all three compounds was almost constant giving a flat curve.  This 
suggests that even with high flow rates, the efficiency remains the same. 
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Table 5.6  
Effect of flow rates on efficiency of NBA on a Chromolith (4.6 mm I.D. × 100 mm) column detection, 
254 nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
 Flow rate 
a
 Pressure     t  
b
    
t
Lu 
 c
 N 
d
 N
LH 
 
e
 
(ml/min)  (bar)   (sec)    (mm/sec)  (mm) 
 
0.4 27 209.22     0.4779 8203 0.0121 
0.6 37 153.42     0.6518 9069 0.0110 
0.8 47 116.58     0.8577 9486 0.0105 
1.0 57 94.20     1.0615 8822 0.0111 
1.2 67 79.62     1.2559 8166 0.0122 
1.4 78 69.18     1.4455 7768 0.0128 
1.6 88 61.29     1.6315 7367 0.0135 
1.8 98 55.29     1.8086 6856 0.0145 
2.0 108 50.22     1.9912 7118 0.0140 
2.5 135 41.22     2.4260 5674 0.0176 
3.0 162 35.28     2.8344 5410 0.0184 
3.5 187 31.29     3.1959 5172 0.0193 
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Table 5.7  
Effect of flow rates on efficiency of NB on a Chromolith (4.6 mm I.D. × 100 mm) column detection, 254 
nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
 Flow rate 
a
 Pressure     t  
b
    
t
Lu 
 c
 N 
d
 N
LH 
 
e
 
(ml/min)  (bar)   (sec)    (mm/sec)  (mm) 
 
0.4 27 209.22     0.4779 7240 0.0138 
0.6 37 153.42     0.6518 8758 0.0114 
0.8 47 116.58     0.8577 9098 0.0109 
1.0 57 94.20     1.0615 9168 0.0109 
1.2 67 79.62     1.2559 8311 0.0120 
1.4 78 69.18     1.4455 7295 0.0137 
1.6 88 61.29     1.6315 6722 0.0148 
1.8 98 55.29     1.8086 6447 0.0155 
2.0 108 50.22     1.9912 5809 0.0172 
2.5 135 41.22     2.4260 4778 0.0209 
3.0 162 35.28     2.8344 4298 0.0232 
3.5 187 31.29     3.1959 4220 0.0236 
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Table 5.8  
Effect of flow rates on efficiency of 1,3-DNB on a Chromolith (4.6 mm I.D. × 100 mm) column 
detection, 254 nm; temperature, 40 °C using 40:60 MeOH/H2O.  
 
 Flow rate 
a
 Pressure     t  
b
    
t
Lu 
 c
 N 
d
 N
LH 
 
e
 
(ml/min)  (bar)   (sec)    (mm/sec)  (mm) 
 
0.4 27 209.22     0.4779 7073 0.0141 
0.6 37 153.42     0.6518 9031 0.0110 
0.8 47 116.58     0.8577 9436 0.0105 
1.0 57 94.20     1.0615 8192 0.0122 
1.2 67 79.62     1.2559 8054 0.0124 
1.4 78 69.18     1.4455 6997 0.0142 
1.6 88 61.29     1.6315 6326 0.0158 
1.8 98 55.29     1.8086 5937 0.0168 
2.0 108 50.22     1.9912 5298 0.0188 
2.5 135 41.22     2.4260 4252 0.0235 
3.0 162 35.28     2.8344 3957 0.0252 
3.5 187 31.29     3.1959 3466 0.0288 
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Fig. 5.5  Plots of plate height (H) versus linear mobile phase flow velocity (u) for Chromolith performance 
RP 18 columns of 4.6 mm I.D. on NBA, NB and 1,3-DNB. 
 
 
The van Deemter plots for NBA, NB and 1,3-DNB on Chromolith 4.6 mm I.D. were 
similar in shape and the efficiency of all three compounds decreased as the flow rates 
increased.  The optimum flow rate at 0.8 ml/min (0.8577 mm/sec) for the three 
compounds gave highest efficiencies (N = 9486, 9098 and 9436) which was similar to 
the efficiency obtained earlier from 2,4-DNT (N = 9436). 
 
The results from the two Chromolith columns suggested that the lower diameter 3 mm 
I.D. Chromolith column would be better for the analysis of nitro-compounds since it 
showed little loss in efficiency at higher flow rates.  However, as seen in the next 
section, on this column the peak tailing could cause peak overlap. 
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5.3 Separation of Nitro-Compounds on Chromolith Performance Columns  
 
A standard mixture of seven nitro-compounds 4-nitrobenzyl alcohol (4-NBA), 2-
nitroaniline (2-NA), 1,4-nitrobenzene (1,4-NB), nitrobenzene (NB), 1,3-nitrobenzene 
(1,3-NB), 3,4-dinitrotoluene (3,4-DNT), and 2,4-dinitrotoluene (2,4-DNT) was injected 
onto both Chromolith columns. 
 
Initially, the same mobile phase (55:45 MeOH:H2O) used for column performance was 
tried.  This did not yield a good separation and the peaks overlapped.  Based on this 
result the composition of the mobile phase was optimized by changing the amount of 
methanol.  The best separation was obtained using 40:60 MeOH:H2O (Fig. 5.6).  An 
attempt to improve the separation by increasing the percentage of water content in the 
mobile phase further, did not result in any improvement.  The largest peak 1,3-DNB, 
showed tailing on the Chromolith 3 mm I.D column with a symmetry factor of 3.7 but 
on Chromolith 4.6 mm I.D. column the symmetry factor was 1.29 which is acceptable 
(Table 5.9).  This behaviour is not unexpected as originally the Chromolith 3 mm I.D. 
gave poor peak shape with toluene as the test compound.  The other peaks on this 
column all tailed but less visibly.  Table 5.9 shows all the parameters on column 
performance for both Chromolith columns.  The values in Table 5.9 showed that 
Chromolith 4.6 mm I.D. was performing better than Chromolith 3 mm I.D. for all 
compounds except for the 2-4 DNT. 
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Table 5.9  Chromolith column parameters for (3 mm I.D. × 100 mm) and (4.6 mm I.D. × 100 mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chromolith (3 mm I.D. × 100 mm) flow rate at 0.43 ml/min 
Compound RT k As W0.5 N N/m Rs 
Thiourea 1.52 0.00 1.50 0.07 2380 23801  
4-NBA 2.62 0.73 2.80 0.09 4080 40800 7.65 
2-NA 3.37 1.22 2.95 0.10 6317 63166 4.52 
1,4-DNB 3.72 1.45 1.57 0.10 6738 67381 1.96 
NB 3.96 1.61 2.21 0.11 6404 64042 1.30 
1,3-DNB 4.61 2.04 3.70 0.12 7349 73488 3.13 
3,4-DNT 5.65 2.72 3.36 0.17 5900 59002 4.10 
2,4-DNT 6.50 3.28 1.40 0.16 8774 87738 2.95 
 
 
Chromolith (4.6 mm I.D. × 100 mm) flow rate at 1.0 ml/min 
Compound RT k As W0.5 N N/m Rs 
Thiourea 1.56 0.00 1.77 0.04 8499 84985  
4-NBA 2.79 0.78 1.40 0.07 8801 88008 13.12 
2-NA 3.66 1.34 1.17 0.09 9179 91786 6.44 
1,4-DNB 3.96 1.53 1.45 0.09 9313 93127 1.89 
NB 4.26 1.72 1.28 0.10 9445 94451 1.79 
1,3-DNB 4.99 2.19 1.29 0.12 9605 96052 3.85 
3,4-DNT 6.13 2.92 1.27 0.16 8150 81496 4.80 
2,4-DNT 7.04 3.49 1.63 0.18 8474 84744 3.13 
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Fig. 5.6  Separation of nitro-compounds on Chromolith columns of different diameters with the equivalent 
flow rates. Peaks in the order of elution: (1) thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,4-DNB, (5) NB, 
(6) 1,3-DNB, (7) 3,4-DNT and (8) 2,4-DNT. Mobile phase: 40:60 MeOH/H2O; detection 254 nm; 
temperature 40 °C; injection 1 µl. 
 
 
To try to reduce the peak tailing of 1,3-DNT on the Chromolith 3 mm I.D. column, 
acetonitrile was used as an organic modifier (Fig. 5.7).  It is important to consider the 
effect of the solvent on the pressure system due to the changes in mobile viscosity.  
Acetonitrile is less viscose, and has an influence on the retention properties of a 
stationary phase, not only the retention time but also selectivity, peak shapes and 
resolution (Fig. 5.7).  However, NB, 1,4-DNB and 1,3-DNB coeluted and the isomeric 
DNTs peaks coeluted.  Acetonitrile was found not to be a suitable solvent at this 
percentage to achieve a good resolution suggesting that it was less sensitive to positional 
isomerism. 
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Fig. 5.7  The effect of 40:60 ACN/ H2O on Chromolith (3 ×100 mm).  Peaks in the order of elution (1) 
thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,4-DNB, NB, and 1,3-DNB, (5) 3,4-DNT and 2,4-DNT, 
detection 254 nm; temperature 40 °C; flow rate at 1 ml/min; injection 1 µl. 
 
5.4 Effect of Temperature and Flow Rates on Chromolith 3 mm I.D. Column 
 
Temperature is an important parameter in chromatographic separations.  The effect of 
temperature on the separation of 1,3-dinitrotoluene on the Chromolith 3 mm I.D. 
column with MeOH:H2O 40:60 was investigated.  An increase of temperature decreases 
the viscosity of the mobile phase, which results in a lower pressure drop and faster 
diffusion for the solute.  Peaks were expected to become sharper and have higher 
theoretical plate numbers as the temperature increased and the retention times almost 
always decreased. 
 
The temperature of the column was varied between 20-40 °C.  1 µl of 1,3-DNB was 
injected into the column and the N values were calculated manually at the baseline of 
1,3-DNB peak at each temperature (Table 5.10).  With the lower temperature the tailing 
was reduced but was more visible when the temperature was increased (Fig. 5.8).  The 
N values were smaller than the N values calculated from the peak width at half-height 
because of the peak tailing.  As expected tR decreased with an increase in temperature. 
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Table 5.10  
Retention times (tR) and efficiency (N) for 1,3-DNB on Chromolith RP 18 (3 mm I.D.) based on the 
width at half hight (wh) and on the width at the baseline (wb) at different temperature using 40:60 
MeOH/H2O with flow rate at 1 ml/min. 
 
Temp (°C) tR (min) N at wh N at wb 
20 2.61 7053 1217 
30 2.39 7140 1015 
35 2.23 6868 884 
40 2.11 6188 448 
 
 
 
 
The effect of flow rate was investigated further on Chromolith 3 mm I.D. for the 
separation of nitro-compounds.  The results are shown in Fig. 5.9.  Retention factors 
remained the same with increased flow rates.  Nevertheless, retention times were 
decreased as flow rate increased.  The optimum flow rate recorded was at 0.4 ml/min as 
determined earlier (Table 5.2).  At this flow rate the highest efficiency was obtained but 
the peak shape of 1,3-DNB was not improved. 
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Fig. 5.8  Effect of different temperatures on Chromolith RP 18 (3 × 100 mm) Peaks in the order 
elution: (1) thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,4-DNB, (5) NB, (6) 1,3-DNB, (7) 3,4-DNT 
and (8) 2,4-DNT. Mobile phase: 40:60 MeOH/H2O; detection 254 nm; temperature 40 °C; 
flow rate at 1 ml/min, injection 1 µl. 
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Fig. 5.9  Effect of different flow rates on Chromolith RP 18 (3 × 100 mm) Peaks in the order elution: (1) 
thiourea, (2) 4-NBA, (3) 2-NA, (4) 1,4-DNB, (5) NB, (6) 1,3-DNB, (7) 3,4-DNT and (8) 2,4-
DNT. Mobile phase: 40:60 MeOH/H2O; detection 254 nm; temperature 40 °C; injection 1 µl. 
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However, the results from the 3 mm I.D. Chromolith showing the tailing were sent to 
the supplier of Chromolith (Merck).  The supplier replaced the column with a new 
Chromolith 3 mm I.D. column from a different batch.  This column was tested again to 
check the performance and the tailing was reduced but was not completely removed. 
 
A different mixture containing eight nitroaromatic compounds, 1,4-nitrobenzene (1,4-
NB), nitrobenzene (NB), 1,3-nitrobenzene (1,3-NB), 3,4-dinitrotoluene (3,4-DNT), 2,4-
dinitrotoluene (2,4-DNT), 2-nitrotolune (2-NT), 3-nitrotolune (3-NT) and 4-nitrotolune 
(4-NT) was injected onto a Chromolith 3 mm I.D. column.  Initially, the same 
composition of mobile phase 40:60 MeOH:H2O was used but the separation of NTs 
isomers was not sufficient.  Next, with 30:70 MeOH:H2O, the separation was 
improved.  This gave an efficient separation of three isomers, of 2-NT, 3-NT and 4-NT 
(Fig. 5.10). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.10  Separation of nitro-compounds on the replacement Chromolith 3mm I.D Peaks in the order of 
elution: (1) thiourea, (2) 1,4-DNB (3) NB, (4) 1,3-DNB, (5) 3,4-DNT, (6) 2,4-DNT, (7) 2-NT, 
(8) 4-NT and (9) 3-NT. Mobile phase: 30:70 MeOH/H2O; flow 1ml/min, detection 254 nm; 
temperature 40 °C; injection 3 µl. 
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5.5 Conclusion 
 
The performance of both Chromolith columns with different diameters was good.  The 
efficiency based on the width at half the peak height was N = 8216 for Chromolith 3 
mm I.D. and N = 9436 for Chromolith 4.6 mm I.D.  However, Chromolith 3 mm I.D. 
suffered from the problem of tailing which reduced the resolution although a 
replacement column gave a signifficent improvement. 
 
A mixture of eight nitroaromatic compounds was tested on the new batch of 3 mm I.D. 
column and the separation was good except for two compounds, 1,4-NB and NB which 
coeluted.  The three mononitrotoluenes (NTs) isomers were well separated and the 
tailing factor was slightly improved. 
 
The results obtained from the two Chromolith columns suggested that the lower 
diameter 3 mm I.D. Chromolith column would be better for the analysis of nitro-
compounds because it showed little loss in efficiency at higher flow rates.  Hence, this 
column was suitable for further study and was used to continue the analysis of 
nitroaromatic compounds in real samples (explosive compounds) using LC-MS. 
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Chapter 6 
 
Separation of Explosive Compounds on  
Chromolith Column by LC-MS 
 
6.1 Introduction 
 
High performance liquid chromatography is the method of choice [363] for the analysis 
of heat labile compounds such as organic explosives.  In recent years, the development 
of analytical methods which are capable of detecting low levels and trace quantities of 
explosives has been increasingly important in the field of explosives; especially in 
crime scene forensic investigations [364, 365].  An ideal explosive detection system 
would be reliable, simple and provide unambiguous signal.  The coupling of liquid 
chromatography (LC) with mass spectrometry (MS) has resulted in a powerful 
analytical system which is ideally suited for the analysis of organic explosives [365].  
Using tandem quadrupole mass spectrometry in the identification and quantification of 
these compounds adds a higher degree of sensitivity, accuracy and precision.  Since 
both product and precursor ions are monitored it is possible to maintain a very high 
precision which filters out all the possible interfering endogenous peaks that are usually 
common in non-specific methods. 
 
The aim of the present study was to examine the potential of monolithic columns 
coupled to mass spectrometry to identify and quantify explosives, which has not 
previously been reported.  In the previous Chapter, HPLC with UV detection was used 
to separate those nitro-compounds used in the manufacture of explosives and in the 
present Chapter this work is extended to the use of monolithic columns for LC-MS with 
real samples of explosive compounds and highlights its sensitivity and selectivity 
advantages over HPLC/UV. 
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During the experiments, different ionisation ion sources, electrospray (ESI) and 
atmospheric pressure chemical ionisation (APCI) were examined.  The effect of 
different temperatures on the column was also evaluated.  The Chromolith Performance 
3 mm I.D. column was used for the separation of three different groups of explosive 
compounds:  
 
1) nitroaromatic compounds, including NTs, DNBs, TNBs, DNTs, and TNTs. 
2) nitroamines, including 2-amino-4,6-DNT. 
3) nitrate esters, including pentaerythritol tetranitrate (PETN). 
 
Using the new 3 mm I.D. column allows better interaction with both the ESI and APCI 
ionisation source of the mass spectrometer.  The lower flow rate allows the linear flow 
to be modified without the need for post column splitting. 
 
Qualitative as well as quantitative experiments were carried out with a nitrate ester such 
as pentaerythritol tetranitrate (PETN) to measure the amount of PETN in the typical 
commercial explosive compounds, Semtex 1H and P9. 
 
The organic explosives, including nitroaromatics, nitrate esters, and nitramines very in 
their polarity and they have different physical properties, which has made the analysis 
by a single method difficult [363, 366].  The aim in this study was to optimize the 
conditions in order to achieve success with most organic explosive compounds. 
 
 
6.2 The Analysis of Nitroaromatic Explosive Compounds Using ESI (+ve) 
 
At the initial period of study, the possibility of using positive mode and negative mode 
from an electrospray ionization source was investigated.  This was necessary as the LC-
ESI-MS can generate data of variable sensitivity depending on the efficiency of 
ionisation.  The correct ionisation mode with a suitable mobile phase modifier can form 
ions that are easier to sample and analyse.  The electrospray was operated in the 
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positive ionization mode after optimizing with a standard solution of 3-NT which was 
introduced into the LC flow by infusion using a T-piece into the LC eluent (Fig. 6.1) to 
maintain all the conditions constant during optimisation as well as subsequent LC 
separations.  Detection of the targeted analysis was studied using a 20 µl loop injection 
of a standard solution into the LC eluent made of MeOH:H2O (60:40, v/v) mixed with 
0.1% formic acid.  A full scan mode was used to determine the molecular ion [M+H]
+
.  
Subsequently, monitoring of the product ion (138 to 65) in the MS/MS mode was 
carried out.  The product ion and precursor ion had been optimized using the MS 
parameters as shown in Table 6.1. 
 
Table 6.1  Conditions employed for LC-MS for the analysis of nitro-compounds. 
 
Instrument Parameters ESI (+ve) ESI (-ve) APCI (-ve) 
Capillary voltage (KV) 3.2 2.5 N/A 
Cone voltage (KV) 35 35 35 
Corona voltage (KV) N/A N/A 5.2 
RF Lens 90 60 30 
Source temperature (°C) 120 120 140 
Desolvation temperature (°C) 300 300 650 
LM 1 Resolution* 15 15 15 
HM 1 Resolution* 15 15 15 
Ion energy 0.7 1 1 
Entrance 1.0 2.0 50 
Collision  3 8 3 
Exit 0 0 50 
LM 2 Resolution* 15 15 15 
HM 2 Resolution* 15 15 15 
Ion energy 0.7 0.7 1 
Multiplier (v) 650 650 650 
Collision cell pressure (mbar) 3.20e
-3
 2.70e
-3
 OFF 
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Fig.6.1  Schematic diagram of infusion at 15 µl/min with LC at 0.6 ml/min using isocratic mobile phase 
MeOH:H2O (60:40, v/v) with 0.1% formic acid. 
 
 
Using a flow rate of 0.6 ml/min, the explosive samples 3-NT and 4-NT were analysed 
firstly using isocratic eluent but this resulted in a broad peak shape.  A gradient elution 
program with the Chromolith Performance column thermostated at 40 °C was then 
used.  Solvent A was water mixed with 0.1% formic acid and solvent B was methanol mixed 
with 0.1% formic acid; gradient solvent B started at 5% for 1 minute, then was raised from 5-
95% over 2 minutes and finally remained at 95% after 5 minutes.  The signal to noise ratio of 
3:1 was used to determine the lowest level of detection and was therefore, an important 
criterion to judge the sensitivity.  The MRM mode for this experiment monitored the 
molecular ion [M+H]
+
 at 138 m/z (Fig. 6.2) which gave rise to a product ion at 65 m/z 
that was the most abundant ion in the product spectra.  Using this ion it is possible to 
generate a more sensitive chromatographic peak with a lower background chemical 
noise level relative to the signal. 
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Fig.6.2  Mass chromatogram m/z 138 of 3-NT standard, RT 3.70 min on Chromolith column 3 mm I.D. 
at 40 °C with gradient elution at flow rate 0.6 ml/min.  Solvent A was water mixed with 0.1% 
formic acid and solvent B was methanol mixed with 0.1% formic acid; gradient, Solvent B 
started at 5% kept for 1 minute, then was raised from 5-95% over 2 minutes and finally 
remained at 95% after 5 minutes (Table 2.4). 
 
 
The isomers of dinitrobenzene (DNBs), 1,3-DNB and 1,4-DNB, were injected 
separately under the same conditions as for the NTs but a weak signal to noise ratio was 
obtained as for 4-NT.  These results indicated that nitroaromatic explosives containing 
one or two nitro groups attached to the aromatic ring had poor sensitivity when 
analysed in LC-MS using the ESI (+ve) mode.  Other work has found that sensitivity of 
a compound depends on the ionization efficiency of the analytes in the ion source, 
which depends on the mobile phase and its components or additives [315].  It is 
probable that the individual compounds were competing for ionisation within the 
source and therefore resulting in a suppression effect [367]. 
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6.3 The Analysis of Nitroaromatic and Nitramine Explosive Compounds in a 
Mixture Using ESI (-ve) 
 
As an alternative the nitroaromatic samples were analysed using ESI in the (-ve) mode.  
It has been previously reported that the (-ve) ion mode for nitroaromatics is most 
suitable technique for the detection of nitro-explosives compounds [368].  This is due 
to the additives in the sample media and mobile phase inducing a more receptive 
environment for a (-ve) charge to be applied to the molecule. 
 
The Environmental Protection Agency (EPA) 8330 mixture containing, 1,3,5-TNB, 
1,3-DNB, 2,4,6-TNT, 2,4-DNT, 2-amino-4,6-DNT, HMX, NB and RDX was infused to 
confirm the masses of these compounds.  However, a clear molecular ion could not be 
observed for each the individual compounds when examined as a mixture.  Six 
individual compounds were then examined at a concentration of 10 ng/µl.  They were 
1,3,5-TNB, 1,3-DNB, 2,4,6-TNT, 2,4-DNT, 2-amino-4,6-DNT, and NB.  These were 
injected into an isocratic mobile phase of 60:40 MeOH:H2O containing 1 mM 
ammonium acetate.  All six explosive compounds were detected in (-ve) ion transitions 
[M-H]
-
 except for the NB which gave no characteristic signal.  The lack of signal was 
unexpected as analoges gave good responses; this will require further investigation as a 
literature surch did not fine any information. 
 
The five compounds, which were detected, were injected as a mixture using the 
Selective Ion Recording (SIR) mode in negative ion mode.  Initially, LC conditions 
were adopted from Tachon and co-workers [321].  The eluent contained solvent A 
(ammonium acetate 5 mM and acetonitrile (70:30)) and solvent B (acetonitrile and 
isopropanol (40:60)).  Solvent B was raised from 10-12% over 2 minutes, then to 60% 
after 14 minutes and finally to 90% after 44 minutes. 
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In their work, nitrate ester and nitramine compounds were detected as formate adducts 
[M+HCO2]
-
 and [M+2HCO2]
-
 and nitroaromatic compounds were hardly ionised in ESI 
while in this study the molecular ions [M-H]
-
 were detected and not the adduct ions.  
SIR mode monitoring of the masses of m/z of 168 for 1,3-DNB, m/z of 181 for 2,4-
DNT, m/z of 196 for 2-amino-4,6-DNT, m/z of 213 for 1,3,5-TNB and m/z of 226 for 
2,4,6-TNT are shown in (Fig. 6.3).  The two compounds; 1,3-DNB 168 m/z and 1,3,5-
TNB 213 m/z were not deprotonated and were detected as their molecular ions.  The 
peak shapes were broad and the base line drifted especially with the compound 2,4,6-
TNT.  This is due to the nitroaromatic compounds resulting in lower sensitivity in ESI.  
The sensitivity for nitramine was higher than for nitroaromatic explosive compounds. 
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Fig. 6.3  Continued 
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Fig. 6.3  SIR mass chromatograms of a mixture of 10 ng/µl of (a) m/z 168 1,3-DNB, (b) m/z 181 2,4-
DNT, (c) m/z 196 2-amino-4,6-DNT(d) m/z 213 1,3,5-TNB, (e) m/z 226 2,4,6-TNT on 
Chromolith column 3 mm I.D. at 40 °C using gradient elution at flow rate 0.2 ml/min.  Solvent 
A was a mixture of ammonium acetate 5 mM and acetonitrile (70:30) and solvent B was a 
mixture of acetonitrile and isopropanol (40:60); gradient, Solvent B was raised from 10-12% 
over 2 minutes, then to 60% after 14 minutes and finally to 90% after 44 minutes (Table 2.6). 
 
 
Next, the influence of flow rate on the intensities and peak shape was investigated.  The 
flow rate was varied in the range of 0.2-0.8 ml/min.  The results obtained for nitro-
compounds in the EPA mixture indicated that the peak intensity was not influenced by 
the flow rates over this range.  Hence, to speed up the assay and maintain the 
resolution, a flow rate of 0.8 ml/min on 3 mm I.D. column was used with gradient 
elution.  One of the advantages of the Chromolith column is the ability to withstand 
high flow rates with less back pressure when compared to conventional columns. 
 
Subsequently, a mixture of 5 compounds in an EPA standard was injected using a high 
flow rate of 0.8 ml/min with a new gradient (shallow gradient) and the ammonium 
acetate was replaced by ammonium formate in order to reduce build up of solid 
deposits in the source region of the MS.  Consequently, this had the advantage of 
inducing better ionisation by reducing ion suppression.  These conditions used solvent 
A (which was a mixture of ammonium formate 1 mM and acetonitrile (70:30)) and 
solvent B (mixture of acetonitrile and isopropanol (40:60)).  In the separation solvent B 
was kept for 3 minutes at 2% then was raised from 2-50% over 5 minutes, and then 
remained at 50% after 10 minutes. 
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A reasonable separation was obtained for the mixture (Fig. 6.4) with an improvement in 
the separation and peak shapes compared to the earlier conditions.  The maximum peak 
intensity was obtained for 2-amino-4,6-DNT while 1,3-DNB exhibited the lower signal.  
This result provided a better response for nitramines than that of nitroaromatic 
compounds. 
 
 
Fig 6.4  Total Ion Chromatogram analysis of a mixture of 20 ng/µl of (1) m/z 168 1,3-DNB and m/z 213 
1,3,5-TNB (2) m/z 196 2-amino-4,6-DNT (3) m/z 181 1,3-DNT (4) m/z 226 2,4,6-TNT on 
Chromolith column 3 mm I.D. at 40 °C using gradient elution at flow rate 0.8 ml/min.  Solvent 
A was a mixture of ammonium formate 1 mM and acetonitrile (70:30) and solvent B was a 
mixture of acetonitrile and isopropanol (40:60); gradient, Solvent B was kept for 3 minutes at 
2% then was raised from 2-50% over 5 minutes, then remained at 50% after 10 minutes (Table 
2.7). 
 
 
Only, three masses could be seen clearly, 196 m/z for 2-amino-4,6-DNT (peak 2), 
which gave a high signal, 181 m/z for 1,3-DNT (peak 3) and 226 m/z for 2,4,6-TNT 
(peak 4).  Two compounds 1,3-DNB (168 m/z) and 1,3,5-TNB (213 m/z) coeluted and 
were seen as a small (peak 1) in the chromatogram.  The sensitivity of 2,4,6-TNT was 
improved and the base line drifting disappeared compared to earlier trials (Fig. 6.3).  
These results indicated that the sensitivity was affected by the composition in the 
gradient elution (Fig. 6.5). 
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Fig.6.5  Mass Chromatogram analysis of a mixture of 20 ng/µl of (a) m/z 196 2-amino-4,6-DNT , (b) m/z 
181 1,3-DNT , and (c) m/z 226 2,4,6-TNT on Chromolith column 3 mm I.D. at 40 °C using 
gradient elution at 0.8 ml/min for details of the gradient see (Fig. 6.4). 
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6.4 The Analysis of Nitroaromatic and Nitramine Explosive Compounds in a 
Mixture Using APCI (-ve) 
 
Due to the poor results of the nitroaromatics obtained using ESI, the APCI ionisation 
method in positive or negative ionization mode was examined, this technique usually 
exhibits better performance for compounds of medium polarity [363].  Different 
strengths of the additives used in negative ionization mode were examined for their 
effect on the signal intensity, including 1 mM ammonium formate and 5 mM 
ammonium acetate.  The results (Fig. 6.6) showed that a higher signal intensity in APCI 
(-ve) at a maximum of (3.2 e
7
 counts) was obtained compares to (2.5 e
6
 counts) with 
ESI (-ve) mode (Fig. 6.4).  As a result the sensitivity obtained in APCI (-ve) was better 
than with ESI (-ve) and improvement over the previous experiment in terms of higher 
intensity and lower background noise. 
 
 
Fig.6.6  Total Ion Chromatogram from LC-APCI-MS (-ve) analysis of a mixture of 10 ng/µl of (1) m/z 
168 1,3-DNB and 1,3,5 TNB (2) m/z 196 2-amino-4,6-DNT (3) m/z 1,3 DNT (4) m/z 2,4,6 TNT 
on Chromolith column 3mm I.D. at 40 °C using gradient elution at 0.8 ml/min for details of the 
gradient see (Fig 6.4). 
 
The overlap of peaks shown in the TIC above shows initial poor separation however, 
this is not the case with individual peaks separated out from the TIC which show good 
peak shape with minmal peak tailing (Fig 6.7).
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A higher sensitivity was obtained using a modified gradient and flow rate; the analyte 
resulted in a higher signal intensity coupled with a lower background noise.  All the 
ions were detected as [M-H]
-
.  Mass chromatogram using SIR mode monitoring the 
masses of m/z of 168 for 1,3-DNB, m/z of 181 for 2,4-DNT, m/z of 196 for 2-amino-
4,6-DNT, m/z of 213 for 1,3,5-TNB and m/z of 226 for 2,4,6-TNT are shown in (Fig. 
6.7). 
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Fig. 6.7  Continued  
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Fig.6.7  Mass chromatogram of a mixture of 10 ng/µl of (a) m/z 168 1,3-DNB (b) m/z 181 2,4-DNT(c) 
m/z 196 2-amino-4,6-DNT (d) m/z 213 1,3,5-TNB, (e) m/z 226 2,4,6-TNT on Chromolith 
column 3mm I.D. at 40 °C using gradient elution at 0.8 ml/min for details of the gradient see 
(Fig 6.4). 
 
 
However, the nitro-compounds were ionized more efficiently using the APCI probe, as 
seen by an increase in signal intensity during optimisation and running of standards 
particularly the nitroaromatic compounds, when using 1 mM ammonium formate as an 
additive.  It is possible to estimate that there was an overall of 10 fold increases in 
signal intensity using APCI and the modified methodology.  At higher concentrations 
of additive, up to 5 mM ammonium acetate, the sensitivity was low and the baseline 
was very noisy.  Higher sensitivity was obtained for the nitroaromatic compounds in 
the APCI (-ve) mode when compared to ESI (-ve).  However, the peak shapes for the 
mixture with Selective Ion Response (SIR) mode was much sharper in ESI than when 
using the APCI technique under the same LC conditions (Fig. 6.5 compared to Fig. 
6.7). 
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The effect of temperature on the column performance was investigated.  2,4,6-TNT was 
injected using LC-APCI-MS negative mode.  The column temperature was varied 
between 25-40 °C.  The results indicate that when the temperature was increased from 
25-40 °C, the peak width was not much affected, but on a further increase in 
temperature to 45 °C, the peak width increased but the retention time decreased (Fig. 
6.8).  The maximum temperature recommended by the manufacturer is 45 °C.  The 
shorter retention time and greater peak width at 45 °C suggest that the column might be 
degrading in some way for example, decreasing surface area, giving the lower column 
efficiency.  The peak areas at all temperatures are similar as is expected. 
 
 
 
 
Fig. 6.8  Effect of temperature on the peak width of mass chromatogram of m/z 226 2,4,6-TNT on 
Chromolith column 3 mm I.D. using gradient elution at 0.8 ml/min (for details of the gradient 
see Fig. 6.4). 
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6.5 The Analysis of Nitrate Ester Explosive Compounds Using ESI (-ve) 
 
The nitrate ester compound, pentaerythritol tetranitrate (PETN), was analysed using 
gradient elution at a flow rate of 0.6 ml/min using ESI (-ve), since this was found to be 
better than ESI (+ve).  The PETN exhibited a mass of 315 m/z (Fig. 6.9) with a product 
ion at 62 m/z being the dominant peak in transition in the MRM mode.  This peak was 
optimised by varying the collision energy and Argon gas pressure (Table 6.1) to 
produce the greatest intensity. 
 
 
Fig. 6.9  Mass chromatogram of PETN standard, RT 6.30 min on Chromolith column 3 mm I.D. at 40 °C 
with gradient elution LC-conditions at flow rate 0.6 ml/min.  Solvent A was water mixed with 
0.1% formic acid, solvent B was methanol mixed with 0.1% formic acid; gradient, Solvent B 
was kept for 0.5 min at 5%, then was raised from 5-95% over 1.5 minutes and remained after 4 
minutes (Table 2.5). 
 
 
The optimized LC-ESI-MS for the PETN was then partially validated.  The 
repeatability of the retention times and peak areas were determined with two sets of 
analysis conducted on different days.  The single set of data indicating a mean value of 
duplicate data sets.  Calibration curves were constructed over the range of 1-1000 pg/µl 
with a correlation coefficient of (R
2
 = 0.9986) and with a concentration range between 
1-200 ng/µl with a correlation coefficient of (R
2
 = 0.9971) and were found to be linear.  
This calibration was used to ascertain the ability of the method to analyse low levels of 
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explosives.  Future work would be to complete a full validation (std. dev., precision, 
reproducibility, stability, accuracy, etc) and apply the method to real life samples.  The 
limit of detection (LOD) at a S/N (signal-to-noise ratio) of 3:1 was 5 pg/µl while the 
limit of quantification (LOQ) was 10 pg/µl at a S/N of 10:1 (Fig. 6.10-6.12)  
 
 
 
 
 
 
 
 
 
 
Fig.6.10  Mass chromatograms of PETN, concentration of PETN (pg/µl) are: 5, 10, 50, 100, 500, and 
1000.  Conditions as (Fig. 6.9). 
 
 
Zhao reported that [305] the detection limit for PETN was 5 pg/µl based on the 
ammonium nitrate adduct ion at m/z 378 [M+NO3]
-
 and 10 pg/µl using the ammonium 
chloride adduct at m/z 351 [M+CL]
-
 and 353.  These results were similar to the present 
experiments carried out using 315 m/z as the molecular ion [M-H]
-
. 
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Fig. 6.11  Calibration curve of PETN in pg/µl.  Conditions as (Fig. 6.9). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.12  Calibration curve of PETN in ng/µl.  Conditions as (Fig. 6.9). 
 
 
P
ea
k
 A
re
a 
y = 2.1782x + 14.998
R
2
 = 0.9986
0
500
1000
1500
2000
2500
0 200 400 600 800 1000
 
Conc. of PETN (pg/µl) 
P
ea
k
 A
re
a
 
y = 249.12x + 2179.7
R
2
 = 0.9971
0
10000
20000
30000
40000
50000
60000
0 50 100 150 200
 
Conc. of PETN (ng/µl) 
Chapter 6           Separation of Explosive compounds on Chromolith Column by LC-MS 
 165 
The applicability of the monolithic column for the LC-ESI-MS method was evaluated 
by injection of samples of the commercial explosives, P9 and Semtex 1H which contain 
PETN at different levels [369].  The samples P9 and Semtex 1H were prepared in 
methanol at a concentration of 1 mg/ml.  The extraction was stirred for one hour at 0 °C 
in an ice bath then sonicated for 15 minutes.  Prior to analysis, the samples were filtered 
to remove any residues.  Samples were analysed using the same conditions as for the 
standards (Fig. 6.11 and 6.12).  The results showed that Semtex 1H contains 35% 
PETN using calibration curve 1-200 ng/µl and was much higher than in P9 0.0082% 
using calibration curve 1-1000 pg/µl. 
 
Kolla and co-workers [370] examined pure Semtex and analysed the residues after a 
blast.  In their analysis, they reported only the running time of PETN with HPLC 
system on Hypersil RP 18 using mobile phase MeOH/H2O (55:45, w/w) which resulted 
in a retention time of 17.0 min compared to this study which was 6.3 min with a 
resulting drop in sensitivity compared to this study.  The investigations by Kolla et al. 
showed that PETN could be observed at 0.1 mg/l using HPLC coupled to a UV detector 
at 220 nm.  The experiments carried out with MS gave highly sensitive data with a limit 
of detection of 5 pg/µl. 
 
Martin and co-workers [371] quantified the PETN levels in Semtex 1H and found to be 
25%.  Semtex 1H (Semtex H) is a plastic explosive which is based on RDX or mixture 
of RDX and PETN with a non-explosive plasticizer.  The technical specification 
permits discrepancy in the RDX/PETN ratio over a wide range up to 50% [372] which 
includes the values found in the present study.  For P9 no literature was found on this 
explosive compound, it seems that P9 is a new explosive material (personal 
communication with Royal Oman Police). 
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6.6 Conclusion 
 
Isomers of the nitro aromatic explosive compounds, such as NTs and DNBs, cannot be 
easily resolved on LC-MS-MS-ESI using the Chromolith column.  However, with the 
newly designed method the peak shape and sensitivity showed that the NTs gave 
sharper peaks after the improvements in gradient elution and flow rate and better 
responses and even when injected at high concentration levels no obvious broadening 
of the peak was observed. 
 
It was demonstrated that ESI (-ve) gave acceptable results for nitramines and nitrate 
ester compounds and the signal was particularly high for 2-amino-4,6-DNT.  Nitrate 
ester compounds, such as PETN were readily detected using ESI (-ve) ionization.  
Calibration curves were obtained with PETN as a representative ester compound.  The 
method used for quantification was shown to be suitable in covering a wide linear range 
i.e. 1-1000 pg/µl and 1-200 ng/µl.  This resulted in a LOD of 5 pg/µl for PETN.  The 
method could be applied to quantitative determination of the commercial explosive 
compounds Semtex 1H and P9 and the results agreed with the literature ranges although 
this is quite wide.  However, the performance of the nitroaromatics was poor using this 
mode of detection. 
 
On the other hand, the nitroaromatic explosive compounds were all easily detected 
using APCI (-ve).  The sensitivity was higher in a mixture of explosives using APCI (-
ve) than ESI (-ve), and was probable caused by the different compounds ionizing in 
different ways and being affected by ion suppression.  With a high concentration of 
additives the sensitivity was low because of ion suppression effect and acetate 
deposited in the ion source.  The signals of nitro-compounds for the three groups: nitro 
aromatic, nitramine and nitrate ester were higher using the APCI (-ve) ionisation mode. 
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Chapter 7 
 
Conclusions and Further Work 
 
7.1 Conclusions 
 
In order to assess the applicability of monolithic columns for the analysis of nitro-
compound explosives, poly(styrene-divinylbenzene) PS-DVB monolithic columns were 
prepared. 
 
 The use of wider bore and shorter columns (250 µm I.D. × 7 mm) was found to 
be easier in the preparation, especially in the fabrication of alkylated PS-DVB 
monolithic columns, as can be seen from (Chapter 3 Section 3.1.4 (c)).  These 
columns resulted in a stable back pressure and gave good separations of the 
three aryl nitro-compounds using µ-HPLC. 
 
 Commercial columns of Chromolith Performance (4.6 mm and 3 mm I.D. × 100 
mm) were successfully used for the analysis of nitro-compounds.  The 
separation of nitro-compounds on Chromolith columns 3 mm I.D. was carried 
out using LC and LC-MS-MS. 
 
As shown in (Chapters 3 and 4) the performance of PS-DVB monolithic columns 
proved to be poor in terms of efficiency.  Functionalised PS-DVB monolithic columns 
proved to have better resolution than unfunctionalised ones when used to separate three 
nitroaromatic; 2-NA, 1,4-DNB, and 4-NT compounds using µ-HPLC.  However, the 
efficiency of the functionalised column was still poor (N = 138) and could not resolve 
all the nitro-compounds.  As shown in Chapter 4 the silica-based monolithic column 
gave better peak shape than the PS-DVB monolithic columns. 
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The PS-DVB monolithic column was used with pressurized capillary 
electrochromatography (pCEC) technique for the separation of nitrobenzene and 
thiourea as electroosmotic flow (EOF) marker, the results (Chapter 4, Fig.4.12) were 
found to show some improvement in retention time compared with the HPLC 
technique.  However, it appeared that the separation was pressure driven as in HPLC, 
due to lack of an electro-driven mechanisim in the absence of ionised groups on the 
surface of the stationary phase in order to support EOF mobility. 
 
The use of commercial Chromolith columns gave good separations with both diameters 
used (see Section 5.2).  The efficiency based on the width at half peak height was 8216 
for Chromolith 3 mm I.D. and 9436 for Chromolith 4.6 mm I.D. column.  Chromolith 3 
mm I.D. was a new column from Merck at the time of research.  Very recently, Merck 
introduced a new column of 2 mm I.D. in the manufacture of Chromolith. 
 
Chromolith 3 mm I.D. had a lower sample capacity compared to 4.6 mm I.D.  
However, it suffered from the problem of tailing which reduced the resolution.  The 
tailing factor on Chromolith 3 mm columns was recognised by Merck, and a column 
from a new batch showed slightly decreased tailing.  Therefore, this column was used 
to continue the analysis of nitroaromatic compounds in real samples (explosive 
compounds) using LC-MS/MS. 
 
The separation of explosives on Chromolith 3 mm I.D. showed successful results using 
LC-MS both in the ESI and APCI modes.  Nitroaromatic explosive compounds were 
successfully analysed using APCI (-ve).  Variations in sensitivity were also observed, 
with the sensitivity higher in a mixture of explosives using APCI (-ve) than ESI (-ve) 
and was probably caused by the ionisation efficiency of different explosive compounds 
in APCI and the reduction in ion suppression. 
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It was found that ESI (-ve) gave acceptable results for nitramines and nitrate ester 
compounds and the signal was particularly high for 2-amino-4,6-DNT (Chapter 6, Fig. 
6.4).  Nitrate ester compounds such as PETN were detected using ESI (-ve) ionization.  
Calibration curves were obtained with PETN as a representative ester compound. 
 
The method used for quantification was shown to be suitable in covering a wide linear 
range from 1-1000 pg and 1-200 ng.  The LOD of 5 pg as reported at (S/N 1:3) with a 
correlation coefficient of (R
2
 = 0.9986 in the range 1-1000 pg) and (R
2
 = 0.9971 in the 
range 1-200 ng) and were found to be linear.  The quantitative determination of 
commercial explosive compounds, such as Semtex 1H and P9 showed that the amount 
of PETN in Semtex 1H was found to be 35% (but varied between manufacturer) and 
0.0082% for P9.  These results show the advantage of Chromoilith columns coupled 
with LC-MS-MS for the analysis of explosives. 
 
It can be concluded that monolithic materials would be the best alternative for packed 
columns for the analysis of trace evidence.  When considering the reasons for the better 
performance it is important to look at the structural properties; high porosity which 
leads to high permeability with low back-pressure.  These factors can have the added 
benefit of reducing the interfacing dead volume between the HPLC system and the 
detector.  The columns are relatively easy to prepare in the laboratory by in-situ 
polymerization of different monomer materials as can be seen in (Chapter 3, Table 3.1).  
However, the main issues are that it was difficult to maintain uniformity of the 
stationary phase during production in the laboratory.  Hence, each column produced 
with varying properties therefore, each column will be different in quality.  This can be 
solved with more commercially available columns coming on to the market as 
manufactures can maintain the quality of the production. 
 
Furthermore, Chromolith columns are suited to high throughput analysis as it is 
possible to manipulate high flow rates and sharp gradients.  Experiments carried out 
with NT (Section 6.2, Fig. 6.2) showed it is possible to improve peak shape and 
resolution hence removing interferences that occur as endogenous peaks within the 
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samples.  When the Chromolith column is coupled to a high pressure pumping system 
and a mass spectrometer (using an ESI interface), the resulting data is both precise and 
accurate.  The sensitivity and selectivity increases as can be seen with the data that was 
generated with APCI interface in (Section 6.4, Fig. 6.6).  This compatibility makes 
Chromolith highly desirable in high throughput screening protocols.  Using MRM 
modes generates highly sensitive and selective data for a group of similar compounds 
such as nitro-compounds which have similar precursor masses and share common 
product ion masses. 
 
Monolithic capillary columns can be used efficiently with µm-HPLC/UV and CEC 
techniques.  With CEC they are the best stationary phases because they do not require 
frits in their preparation which cause many problems as mentioned earlier in the 
literature review.  Hence, the same monolithic capillary columns can be used for both 
techniques if the application does not require a functional group to support the EOF 
mobility. 
 
 
7.2 Further Work 
 
The preparation of PS-DVB monolithic columns needs further investigation to enable it 
to be used for smaller molecular weight compounds.  The „grafting‟ of the PS-DVB 
stationary phase after polymerisation by using different monomers as discussed in 
Chapter 3 could be further investigated and applied to smaller molecules. 
 
Modification of the mobile phase, e.g. pH changes, ion pairing agents might also be 
considered to change the interactions with sample molecules. 
 
Commercially, there is still a lot of work to be done in the manufacture and promotion 
of monolithic columns.  Although many researchers have fabricated different monoliths 
as a stationary phase, which could be used in HPLC or CEC it remains less popular 
with chromatographers. 
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In general, silica–based monoliths should be the area of interest for future work for the 
analysis of explosive compounds, since this showed promise when it was used and gave 
favourable results.  Smaller internal diameter capillaries should be the future goal, as 
minimising internal diameter reduces the bulk of the polymer, and increases the 
sensitivity to the analyte.  Since my professional work in forensic science relies on 
analysis of trace evidence amounts this would increase the reliability of results from 
crime scene investigations and aid the solution of such crimes. 
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Appendix A: Postgraduate Research Student Skills Training Record 
 
Postgraduate Research Student Skills Training Record (2004/2005 academic year) 
 
Activity Date Time 
claimed 
Safety lecture 05/10/2004 2 hours 
Induction day 08/10/2004 1 day 
RSC Lecture 14/10/2004 ½ day 
Laboratory news forum (A new Age in chromatography) in 
Birmingham 
18/10/2004 1day 
9
th
 Desty Memorial Meeting for innovation in Separation Science 
in London 
20/10/2004 1 day 
Getting Articles Published 27/10/2004 ½ day 
Developments in HPLC in 3M 28/10/2004 1 day 
Finding Research Information 02/11/2004 1 hour 
SPSS work shop 03/11/2004 2 hours 
Plagiarism Citation & Refwork 10/11/2004 2 hours 
What is new in XP window 16/11/2004 1 hour 
Bridging the Gap between Heterogeneous, Homogeneous  
and Enzymatic Catalysis In Nottingham University 
17/11/2004 ½ day 
Teaching Skills Part A 18/11/2004 ½ day 
Conference Presentation Skills Part A 19/11/2004 ½ day 
Oral Presentation 22/11/2004 ½ day 
What is new in office 2003 23/11/2004 1 hour 
Teaching Skills Part B 25/11/2004 ½ day 
Power Point for Presentation 26/11/2004 2 hours 
PGRT Part A 29/11/2004 1 day 
PGRT Part B 30/11/2004 1 day 
Conference Presentation Skills Part B 03/12/2004 ½ day 
Managing Projects 09/12/2004 2 ½ hours 
Healthy Campus Campaign 28/01/2005 1 hour 
Getting Stylish with Word 03/01/1900 2 hours 
Word Large Document 10/02/2005 2 hours 
Self-Management Skills 14/02/2005 1 hour 
Word Tables 15/02/2005 2 hours 
Teaching Skills (Practical Activities) 16/02/2005 ½ day 
Keeping your Research up-to date 17/02/2005 1 ½ hour 
Healthy Campus Campaign 18/02/2005 1 hour 
Health and Safety 21/02/2005 1 ½ hour 
Health and Safety 28/02/2005 1 ½ hour 
Woman Conference 01/03/2005 1 day 
Health Campus Campaign 04/03/2005 1 hour 
Health and Safety 07/03/2005 1 ½ hour 
Health and Safety 07/03/2005 1 ½ hour 
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Writing a Report 07/03/2005 1 hour 
Statistic Hypothesis Testing 08/03/2005 2 hours 
Statistic Cluster Analysis 15/03/2005 2 hours 
Statistic Overview of Regression 22/03/2005 2 hours 
Statistic Regression Logistic  05/04/2005 2 hours 
ANOVA Part (1) 06/04/2005 2 ½ hours 
Statistic Discrimination Logistic 12/04/2005 2 hours 
ANOVA Part (2) 13/04/2005 2 ½ hours 
Report Writing 19/04/2005 1 day 
Factor Analysis 19/04/2005 2 hours 
Winning Idea 25/04/2005 1 hour 
HPLC/LC-MS/SPE Event in Sheffield 27/04/2005 1 day 
Designing Work Shop 11/05/2005 1 day 
RSC Conference in Plymouth 18-20/07/05 3 days 
29
th
 International Symposium on HPLC Separation and Related 
Techniques (Short Course on Monolithic) in Stockholm/Sweden 
26/06/2005 1 day 
Data base of the month (MetaLib version 3)  25/10/2005 1 ½ hour 
LC Workshops (Advanced Method Development and LC 
Troubleshooting)  
07-09/11/05 3 days 
Demonstration for practical sessions (Msc)  2 days 
Demonstration for practical sessions (Bsc)  4 hours 
Attachment with Department of chemistry,Umea University in 
Sweden 
18/05/07 
09/06/07 
3 weeks 
31
st
 International Symposium on HPLC Separation and Related 
Techniques, HPLC 2007, Ghent, Belgium 
17-21/06/07 5 days 
RSC Conference in Glasgow 16-18/07/07 3 days 
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Appendix B: Poster Presentation 
 
 
1. Farida Al-Harthy and Roger M. Smith, Separation of Nitro-compounds on 
Monolithic Columns” presented at 31st International Symposium on High Performance 
Liquid Phase Separations and Related Techniques, HPLC 2007, June, 17-21 Ghent, 
Belgium. 
 
 
2. Farida Al-Harthy and Roger M. Smith, Separation of Nitro-compounds on 
Monolithic Columns” presented at Glasgow University, organised by the Royal Society 
of Chemistry, July 16-18 2007. 
 
 
